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ABSTRACT
Scintillators, materials which emit light when struck by high energy X-rays and !rays, are extensively used in various fields including medical imaging, computed
tomography, high-energy physics, and more recently in homeland security for the
prevention of nuclear and radiological terrorism. While comparing with the traditional
scintillators, which have long-term instability, high synthetic cost, toxicity, and
hygroscopicity issues, metal halides have been reported to exhibit effective excitonic
radioluminescence and greatly contribute in the field of scintillating applications and
radiation detection. Currently, the mixed-anion oxide-fluorides have emerged as a
prospective new class of scintillators, in which the mixed oxide-fluoride environment
around the metal center generate distortions which can significantly enhance the luminosity
of the material.
Growing high quality single crystals of these materials is another important factor
for structure determination and property measurements as well as long-time stability.
Exploratory crystal growth using facile solution based hydrothermal approach has been an
effective method to synthesize new halides and oxide-halide materials. This work
summarizes the crystal growth approaches for halide and mixed-anion oxide-halide single
crystals, characterizes their structures and properties for their use as potential scintillators
and radiation detection.
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CHAPTER 1

MATERIALS DISCOVERY OF INORGANIC HALIDES AND OXIDE-HALIDES:
OVERVIEW OF APPROACHES AND APPLICATIONS

1

Introduction
The quest of investigating new optical materials has been a major topic of scientific
research for over a decade. The major point hereby is that the low-energy illuminating
materials have significant importance in the development of many technologies and are
impacting key points of modern life (e.g., ambient lighting, sensors, automobile, LEDs and
traffic lights, scintillation materials for detectors, etc.). Thus, the interest in new
luminescent materials is constantly increasing, considering the rapid development of
efficient energy delivering technologies. Inorganic scintillators have continued to be
essential as key components for advanced radiation detection devices of gamma and Xrays in the field of high-energy physics,1 medical imaging,2 positron emission tomography
(PET),3 computer tomography (CT) scanners,4, and more recently in homeland security for
improved radiation detection systems.5 Most scintillators work best for specific
applications based on the type of energy and incoming radiation and the essential
requirements for an ideal scintillator include high effective atomic number, high density,
high energy resolution, small decay time and good linearity.6,7
The search for the ideal scintillator for any given application has expanded past the
traditional binary compounds to exploring ternary, quaternary and even quintenary
systems.8-12 The current generation scintillators include doped inorganic halides such as
NaI:Tl13 and CsI:Tl14 and the covalent oxides such as CdWO4,15 Bi4Ge3O12 (BGO)16 and
Gd2Si2O7:Ce17. These doped inorganic materials usually consist of a non-luminescent host
and a luminescence-active dopant. Trivalent lanthanide cations are a good choice as
dopants, although most of them (e.g. Eu3+,Tb3+,Ce3+ etc.) obtain their activity from spinforbidden f-f transitions, which are less efficient than the spin-permitted f-d transitions of
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Eu2+ for example.18 With an array of proper working dopants at hand, finding a good host
material is one of the major challenges in the design of scintillation materials. In order to
exhibit scintillation behavior, the materials must also be luminescent. Every scintillator
luminesces, but not every luminescent material scintillates. Furthermore, in order these
materials to detect efficiently gamma and X-rays, high atomic number (Z) elements, such
as Cs, Ba, are necessary. For neutrons, on the other hand, specific isotopes of Li, B and Gd
with high neutron scattering cross sections are the best.
Halide perovskites, and the perovskite structure type in general, have proven time
and time again to be a great template for the design of new semiconducting and scintillating
materials because of their excellent physical properties.19 The 3D halide perovskites are
any material having the composition ABX3, where A is generally an alkali metal cation
such as Cs+, Rb+ and the smaller organic cations commonly are methylammonium (MA)+
or formamidinium (FA)+. The cubic arrangement of perovskite structure has the B-site
(metal cation such as Pb2+, Sn2+) in a 6-fold coordination environment surrounded by halide
anions (X = F-, Cl-, Br-, I-) to form a three-dimensional network of corner-sharing
octahedra. The A cation is surrounded by four octahedra with 12-fold cuboctahedral
coordination. Dimensional reduction of 3D halide perovskites leads to 2D halide
perovskites and creates a general formula A′2An−1BnX3n+1 or A′An−1BnX3n+1 (A′ = 1+ or 2+
cation, A = MA+ , FA+ , Cs+ ) which on further reduction produces 1D and 0D halide
perovskites, such as, Rb2CuCl3 and Cs4EuBr6, respectively.20-23 The hybrid lead based
halide perovskites (e.g. MApbI3, (M = CH3NH3+) have attracted major attention due to
their promising power conversion efficiency of 23.3%, making the perovskite solar cells
(PSCs) comparable to CdTe and crystalline silicon panels.24,25
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The significant

improvement in efficiency is attributed to their tunable band gap (~ 1.6 eV), efficient light
absorption, excellent charge carrier mobility along with long diffusion lengths, and easy
solution processability. Apart from solar cells, these materials have been utilized in
optoelectronic fields such as photodetectors, light-emitting diodes (LEDs) and X-ray
scintillators.26–28
Although, the lead halide perovskites have revealed impressive performance, they
are still not deployed on a large scale as commercial devices due to the two major issues,
namely toxicity and poor stability upon exposure to moisture and light. The stability issue
has been fixed by replacing the organic part with a cesium cation,29 however, researchers
are still finding alternatives to remedy the toxicity issue of lead while maintaining the
performance standards it has set. The isovalent cations Sn2+ and Ge2+ could be the possible
alternatives, however, they are reported to be oxidizing in nature, making the perovskite
material unstable due to their high-energy-lying 5s orbitals.30,31 The heterovalent metal
ions, Bi3+ and Sb3+, having similar isoelectronic structures, but different oxidation states,
could be promising replacements for Pb2+, but they are found to alter the perovskite
structure into low-dimensional structures of the type A3M(III)2X9, limiting its application
for photovoltaics (band gap > 2.0 eV).32 In recent years, the halide double perovskites with
the composition, A2M(I)M(III)X6 , that can be obtained by replacing two divalent Pb2+ ions
with one monovalent and one trivalent cation, has drawn significant attention for the stable
and green alternatives to lead halide perovskites. Woodward et al. first designed and
synthesized Cs2AgBiBr6 and Cs2AgBiCl6, exhibiting indirect band gaps of 2.19 and 2.77
eV respectively, and both compounds degrade over a period of time on exposure to ambient
air and light, limiting their applications for optoelectronic devices.33 And then, Karunadasa
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et al. synthesized the Tl-doped Cs2AgBiBr6 single crystals halide double perovskite, which
exhibits a tunable band gap around 1.57 eV, but unfortunately Tl is highly toxic and not
ideal for optoelectronic applications.34 The indium based halide double perovskite
Cs2AgInCl6 has been successfully synthesized by the hydrothermal route and is found to
be extremely stable and also to exhibit a direct band gap (2.32 eV) in the visible region.35
However, the large band gap of Cs2AgInCl6 diminishes the conversion efficiency to some
extent and hence, all these materials still have some limitations.
In addition, the 1D and 0D halide perovskites have been widely studied for X-ray
imaging. Recently, the copper and silver based perovskite 1D halides have been reported
to

be

a

superior

scintillators

that

display

effective

defect-bound

excitonic

radioluminescence and greatly contribute to the field of scintillation applications and
radiation detection. The 1D perovskite copper halides, such as Rb2CuBr3, Rb2CuCl3, and
K2CuBr3, that were prepared as single crystals by the Tang group, disperse a high portion
of energy under X-ray irradiation as a result of a Jahn-Teller distortion, producing strong
self-trapped excitons with reduced self-absorption.

36–38

This negligible self-absorption

facilitated Rb2CuBr3 to evolve as an excellent scintillator, which has a high light yield of
~91056 photons/MeV and a small detection limit of 121.5 nGys-1. The other metal halide,
Rb2AgBr3, exhibiting defect-bound excitonic radioluminescence, has a high light yield
(25600 photons MeV) and a fast scintillation decay time (5.31 ns).39 Moreover, Cheng et
al. synthesized a novel 0D Cs3Cu2I5 scintillating crystal by the Bridgman method, which
exhibits a light yield of ~32000 photons/MeV and exhibits high radioluminescence with
low self-absorption, similar to the 1D perovskite copper halides.40 The 0D Inorganic
halides, Cs4EuX6 ( X = Br-, I-), single crystals synthesized by the Bridgman method, exhibit
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a high light yield of 78000 ± 4000 and 53000 ± 3000 photons per MeV for Cs4EuBr6 and
Cs4EuI6 respectively. The light yield of Cs4EuBr6 has been found to be the highest among
the self-activated scintillators.23 The 0D organic/inorganic hybrid halide compounds, forexample (PPN)2SbCl5 (PPN = bis(triphenylphosphoranylidene)ammonium cation),
(C38H34P2)MnBr4, Bmpip2SnBr4 (Bmpip = 1-butyl-1-methylpiperidinium cation) and
[KC2]2[Cu4I6] (C = 12-crown-4 ether) are excellent materials, that show efficient
luminescence with high quantum yield and remarkable stability, making them good
candidates for X-ray scintillation and radiation detection.41–44
The lanthanide doped inorganic halide compounds are another class of luminescent
materials that exhibits tunable electronic properties near the UV-vis spectral region. These
compounds have generated significant attention due to their remarkable properties,
including sharp f-f emission peaks, prolonged photoluminescence lifetime, high stability,
facile synthesis, and non-toxicity. There are various reported lanthanide-doped halide
nanoparticles and quantum dots, that have been found to exhibit excellent optical properties
near the UV-vis spectral region, and therefore, several compounds of this type have been
actively used in many different fields, such as fluorescence assays, bioimaging, television
sets, and scintillators.45–49 For example, Maurya et al. synthesized the NaGdF4:Er3+, Yb3+
active-core/NaGdF4:Er3+, Yb3+ active-shell nanoparticles by the thermal decomposition
process and observed that the upconversion luminescence was significantly more intense
for the core/shell nanoparticles than for the non-coated materials upon excitation with nearinfrared light.47 The Zheng group reported a lanthanide-doped CaF2 nanoparticles prepared
via a coprecipitation route, exhibiting intense long-lived photoluminescence, and therefore
have found use in practical bioassays for cancer diagnosis.48 The lanthanide doped metal

6

halide, Tl2GdCl5: Ce3+ displays a high light yield of ~53000 photons /MeV and has been
used as an X-ray and !-ray scintillator.49 Moreover, the lanthanide doped Vernier phases
with the general formula LnnOn-1Fn+2 are a new class of scintillating materials, in which the
crystal structure emerges from fluorite based sublattices to build 1D superstructure, that
contain four unique lanthanide atoms. These phases are limited and typically known only
for gadolinium, ytterium and lutetium oxide-fluorides, with compositions such as Gd4O3F7,
Lu2O3F5, Lu10O9F12, Lu7O6F9, and Y7O6F9.50–53 These compounds are of interest because
they act as the optical host materials in the UV-visible region and also exhibits high mass
density (~ 9 g/cm3) and low phonon energy cutoff, making them the attractive materials
for scintillation applications.51 All of these results demonstrate the bright future for
investigating novel inorganic halides as the host materials for the further development of
scintillation materials for radiation detection.
Nonetheless, the long-time instability, high synthetic cost, and hygroscopicity of
these existing materials limits their application in many fields. Growing high quality
inorganic halide crystals is another important factor for excellent device performance and
long-term stability, and the way of obtaining crystals with fewer defects and of a decent
size still remains unsolved. We have made an effort to address this problem by synthesizing
new halides, especially fluorides and oxide-fluorides as single crystals that exhibit high
stability and non-hygroscopicity using a facile hydrothermal route. The following work
will summarize the exploratory crystal growth technique to synthesize new inorganic
halides and oxide-halides for scintillation and radiation detection applications.
Fluorides and oxide-fluorides chemistry
Fluorine lies in the cornerstone of the periodic table. It is an univalent poisonous
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gaseous halogen that is pale yellow-green in color and it is, at the same time, the most
reactive element in the periodic table. Fluorine readily forms compounds with most other
elements, even with the noble gases Kr, Xe and Rn. One of the main characteristics of
fluorine is its very high electronegativity. This property connected with the low bond
dissociation enthalpy of the molecule and the relative bond energies in many fluoride
compounds, explains why the chemistry of fluorine differs appreciably from that of the
other halogens.
The most popular synthetic method used for the growth of inorganic fluorides
during the early 1960’s involved the combustion of simple reagents in a fluorine (F2) or
HF gas atmosphere. 54 The fluorides prepared in this way tended to be highly unstable, and
often exploded when handled. This was the primary reason fluorine chemistry was all but
abandoned by the early 1970’s, which created a gap in the understanding of fluorides.
Hence, in the field of solid state fluorides, where scientists focusing on chemical and
physical properties face difficulties in synthesis and characterization, along with safety
concern and where chemists investigating new preparation technique observe the strongest
appeal for the prospect of synthetic discoveries.
Structurally, fluorides have the potential to be very interesting. As far as the size is
concerned, the fluoride ion is slightly smaller than the oxide ion (1.33 Å vs. 1.40 Å) in an
octahedral environment, however because the difference is less than a tenth of an angstrom,
both can fit into many of the same structures. 55 Table 1.1 highlights the major differences
between the oxide and fluoride ions. The difference in charge of the fluoride and oxide ions
results in a large compositional and structural difference, which can give rise to high
anisotropy in the crystal, and indeed can be used to tune oxidation states by modifying the
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fluoride to oxide ratio in oxide-fluoride materials.
Table 1.1 Differences between the fluoride ion and the oxide ion. Radii given are from
Shannon, and electronegativities given are from the Sanderson scale.
Fluoride
Radius: 1.31 Å
Charge: -1
Electronegativity: 4.00

Oxide
Radius: 1.40 Å
Charge: -2
Electronegativity: 3.50

Several lanthanide doped materials containing fluoride as the host lattices have
been reported for their excellent optical properties, which are attributed to their
environmental stability, wide band gaps, low intrinsic phonon energies (< 350 cm-1), and
low nephelauxetic effect.56 Fluorides, owing to their wide band gap, facilitate the emission
from high energy 5d orbital to low energy 4f orbital and the emission lie in the UV region
with a wavelength of ~380 nm. For e.g. LiYF4;Ce3+.57 The high electronegativity of
fluorides makes it possible to induce the lowest nephelauxetic effect which is responsible
for lowering the energy levels relative to their positions in the free ion. Therefore, in
fluorides there exists a line emission from the lower energy levels usually located in the 5d
band to 4f orbital due to the low nephelauxetic effect of fluorides.57 The thermal stability
of luminescence relies on the energy of the emitting level, the change in equilibrium cationanion distance induced by the electronic transition and phonon energies. The low phonon
energies facilitate the greater stability of fluorides. The phonon energies for most host
fluoride lattices usually fall into the 300 – 400 cm-1 range.58 Fluorides, while mostly desired
for their optical properties, also are attractive for their magnetic properties, and have been
used as magnetically frustrated and spin liquid materials. 59
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Mixed-anion oxide fluorides represent another class of materials, which has
generated renewed interest because of some significant advantages over pure oxides and
fluorides – control over oxidation and electronic states. As stated earlier, oxide and fluoride
have almost the same size but differ in their valences. An ABO3 compound can
accommodate six positive charges, however an ABF3 compound can accomodate only
three positive charges. This limits the combination of elements/oxidation states that one
can integrate. An ABO2F composition can fit five and an ABOF2 can fit four positive
charges. This significantly increases the variety of elemental combinations one can target.
The introduction of fluoride on the oxide sites also alters the electronic state of the
compounds and imparts different physical properties. The prominent effect of fluorination
is observed in oxide materials, such as NaWO4 and BaWO4, that show enhanced optical
behavior after fluorination to a composition of Na2WO2F4 and BaWO2F4, respectively.60,61
Therefore, materials containing mixed anion oxide-halides attract widespread attention,
since the incorporation of fluoride onto the oxide sites induces structural changes of the
excited electronic states, which can enhance optical properties such as luminescence and
scintillation. The addition of fluorine also changes some M-O bond lengths and introduces
distortions around metal centers. This change in electronic states and distortions can be
extremely helpful in introducing or enhancing luminescence and scintillation behavior.
Crystal Growth Methods
It is crucial to mention that the exploratory single crystal growth of new materials
requires a synthetic technique significantly different from the traditional approaches
employed to make polycrystalline powders. Generally, crystal growth occurs at reaction
conditions where the solvated reactant species present in solution are unique to the solution
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environment and are stabilized under those conditions to give rise to unique structural
moieties.
In recent years, solution-based crystal growth techniques have been found to be
more effective for synthesizing novel materials; among them the most productive
approaches include flux growth and hydrothermal synthesis. Despite the differences
between flux growth and hydrothermal synthesis, the working principle remains the same:
heat the reactant mixture present in the solution, hold the reaction mixture at constant
temperature to allow the reactants to solubilize and interact and followed, by cooling the
reaction mixture at a slow rate to form the supersaturated solution in which the crystals
start to nucleate and grow. After completion of the reaction the crystals product are isolated
via filtration.
Flux crystal growth refers to the use of a high-temperature melt of an inorganic
solid that functions as the solvent for crystallization. Generally, inorganic salts act as
excellent fluxes because they have conveniently low melting points (< 1000°C) and can
have even lower melting points when used as an eutectic – a mixture of two different
inorganic compounds that yields the lowest possible melting temperature. An idealized flux
must possess a low melting point with respect to the starting precursors, a low viscosity
and low volatility, a broad temperature range between the melting and boiling points, along
with low reactivity with the desired phase and be readily isolated from the reaction
products. Another important aspect of flux growth is its ability to control the crystalline
phase, crystal shape, crystal size, and crystal surface through the selection of a suitable
flux.62
Extreme care should be taken when choosing a flux for a particular reaction, as
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different fluxes can greatly affect the reaction outcome. To promote the formation of
fluoride products to be evaluated as scintillators, we have been using several different
fluoride salts as fluxes that our group has had success with. This provides a fluorine rich
environment and, depending on the reaction conditions, can be done in the absence of
oxygen. Another factor that is equally as important as the flux choice is the reaction
containment vessel. The common reaction vessels used for flux growth reactions are
alumina, quartz, stainless steel, copper, silver, gold, and platinum. Not all of these vessels
can be used for a fluoride flux due to the high reactivity of the fluoride ion. The only vessels
resistant to fluorides are steel, copper, silver, gold, and platinum, making them better
choices for reaction vessels. A silver tube is very practical as it is cheaper and resists
oxidation, although it limits the accessible temperature ranges due to its melting point of
963°C.
The flux crystal growth process often results in the formation of a kinetic or
metastable phase rather than the thermodynamically most stable products that would be
obtained using high temperature ceramic methods. Sometimes a flux growth reaction
results in the formation of multiphase products, which allows to probe multiple phases
present in the reaction mixture. Therefore, the flux growth process sometimes makes it
difficult to generate larger quantities of phase pure samples, suggesting that this method
may not be suitable in some cases where bulk samples are needed for physical properties
measurements. On account of the lack of knowledge of the crystal growth process in molten
fluxes, this method is generally known as an empirical approach, directed by chemical
instinct and experience.
Another solution-based crystal growth approach that has been broadly employed
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for the preparation of new phases is the hydrothermal synthetic techniques. Although
hydrothermal synthesis covers a broad synthetic environment, the most common trait of all
of the hydrothermal approaches includes the utilization of an aqueous solvent at high
temperature and pressure. Hydrothermal synthesis can be categorized into two groups: the
mild hydrothermal regime and the supercritical hydrothermal regime. The mild
hydrothermal route is also referred to as a low temperature method in which the
temperature lies between 100 - 230°C, which is above the normal boiling point of pure
water, but significantly below the critical point, with pressures of approximately 0.1 MPa
– 10 MPa in stainless-steel autoclaves. In this method, reactants and water are placed inside
a polytetrafluoroethylene (PTFE) lined vessels that is either sealed or connected to an
external pressure control. Although the melting point of the PTFE liner is 326.8°C, it
cannot be heated above 230°C because the liner will soften and deform, resulting in the
loss of pressure-holding capacity and the PTFE will start to dissociate at 300°C.
Furthermore, the autoclaves typically used for mild hydrothermal reactions cannot hold the
pressures more than 12 MPa. Significantly stronger reaction vessels are required if the
reaction conditions exceed such pressures.
The mild hydrothermal synthetic route can be used for the growth of fluorides by
using HF as a solvent, as most of the binary and ternary fluorides that are typically used as
reactants are insoluble in water. The use of hydrofluoric acid as the solvent for the reaction
has several advantages: one is to increase solubility, one is to act as a fluorine source, and
the third is to create a reducing environment. The PTFE liner is inert, even to HF, and is
therefore ideal as a container for fluoride reactions. However, the parr bomb reactors used
in this method exhibits two major drawbacks. The first drawback is that the organic
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precursors used in the reaction mixture can get trapped in the PTFE liner. When this occurs,
the organic species used can become trapped in the liner and the liner could not be used
further with other reagents. The second disadvantage is that the PTFE liner starts to get soft
when the temperature reaches 250°C, and above that temperature starts to dissociate.
The PTFE liner cannot be used for very high temperature and pressure reactions,
requiring the use of alternate reaction vessel constructed from robust materials, in particular
the alloy Hastelloy C. This stainless-steel alloy possess excellent features such as high
strength and good inertness to the corroding behavior of supercritical water. Here the
reaction mixtures are loaded into a metal ampoule which is welded shut to block the
solution from entering the inside of the container and attacking the steel. The reaction
container must remain inert during the entire reaction period, hence the metals such as gold,
silver, or platinum are commonly used as the appropriate reaction tubes. These containers
are loaded inside the autoclave that is filled with water equivalent to the volume of the
metal ampoule to produce a counter-pressure to prevent the ampoule from rupturing. While
this synthetic approach has several benefits, the fundamental drawback is the high cost and
specialized tools that are required to hold such high temperatures and pressures evolved in
the reaction.
Ultimately, hydrothermal reactions are fairly complicated and require synthetic
insight, for determining the synthetic parameters for a reaction to be successful. Regardless
of the complexity, the hydrothermal synthesis technique is an excellent approach for
growing large single crystals that are ideally suited for bulk physical property
measurements.63
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Materials Characterization
The preparation of new materials requires several types of sample characterization
to identify the actual chemical composition and the crystal structure. The advantatge of
synthesizing high-quality single crystals is the ability to perform single crystal X-ray
diffraction (SCXRD) measurements, which enables us to identify the composition and
crystal structure. The procedure is not so easy, and the existence of crystal defects and
twinned forms of the crystals can sometimes make it difficult to obtain a good structural
solution. For that reason, it is not always practical to run SCXRD as the initial step to
characterize novel materials. Unlike SCXRD, that requires high-quality single crystals,
powder X-ray diffraction (PXRD) can be a useful method to quickly determine whether
the polycrystalline powder, made by grinding single crystals, is previously reported or if it
is actually a new phase. The PXRD also provides information about the crystal symmetry
of the material. PXRD data, obtained from the bulk homogeneous powder, is used to
determine the phase purity of a sample by analyzing how closely the experimental peaks
match patterns stored in a database or with the calculated cif file which is obtained from
the SCXRD data. The cutting-edge X-ray diffraction instruments are highly precise and
can determine impurity levels as low as 1 % in the bulk sample. The identification of
impurities in the sample can be extremely helpful for researcher attempting to optimize the
reaction conditions and to obtain the target phase. In cases where the PXRD pattern is brand
new and the crystal structure refinement data is unclear, other qualitative measurements,
such as scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) can be helpful to obtain some idea about the crystal morphology and elemental
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content present in the crystal. EDS data are quite useful for compounds that have both
oxide and fluoride in the structure and are difficult to identify crystallographically.
The materials can be further characterized as appropriate after the composition and
crystal structure of a new material is determined. In cases where the materials exhibit
luminescence under UV light, fluorescence spectroscopy can be conducted to examine
excitation and emission spectra, peak position, emission intensity and quantum yield of the
material. UV-Vis spectroscopy can help to differentiate the oxidation state of the transition
metal ions, which exhibits distinct absorption spectra. This technique can also be helpful
in calculating the experimental band gap of the material. If the material exhibits
scintillation behavior under X-rays, radioluminescence (RL) spectra can be used to
determine integral RL emission (compared to Bi4Ge3O12 as a standard) and RL response at
high temperature (up to ~ 500 ℃), which is helpful for the quantitative characterization of
the new scintillators. Moreover, IR spectroscopy can be employed to distinguish between
hydroxyl and water groups by analyzing the H-O-H bending modes in the spectra.
The other characterization for any functional materials includes thermogravimetric
analysis (TGA) which is used to determine the thermal stability of a material. It measures
the weight change of a material as a function of temperature. This is an important
measurement for determining the decomposition temperature of a material. Differential
thermal analysis (DTA) measurements, when performed together with TGA, can give
information about potential structure transitions of the material. The stability of the
material over the measured temperature range can be confirmed by PXRD of the sample
residues collected after the TGA measurement.
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Magnetic measurements can be conducted for compounds that contain unpaired
valence electrons using a SQUID (superconducting quantum interference device) based
magnetometer. The magnetic susceptibility measurement as a function of temperature is
used to calculate the effective magnetic moment of the material, which can be used to
confirm the number of unpaired electrons. These data are also used to check for the
presence or absence of magnetic ordering in any material. The magnetic measurements of
compounds containing lanthanide and transition metal ions can show complex magnetic
behavior, that can involve strong spin-orbit coupling and magnetic coupling between the
magnetic cations.
The characterization of new materials can be expected to provide more detailed
knowledge about the structure-property relationships. Exploratory synthesis has been
successful for synthesizing and characterizing several new halide materials, however, the
goals to pursue reaction routes to target fluoride and oxide-fluoride materials comes with
some unique challenges, that include avoiding oxygen impurities in the pure fluoride
phases, and distinguishing between oxygen and fluorine in oxide-fluoride crystal
structures. However, several classes of fluoride and oxide-fluoride materials exhibit
interesting optical behavior, hence significant efforts should be made to synthesize
complex crystalline materials based on fluorides and oxide-fluorides.
Outline
In this thesis the synthesis of new transition metal fluorides and oxide-fluorides as
well as new lanthanide containing chloride materials in single crystal form, that were
synthesized using hydrothermal methods, is discussed. The research goal was to synthesize
new halide and oxide-halide structures and compositions in order to contribute to the
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investigation of fundamental properties, especially optical properties of the new transition
and lanthanide metal containing fluorides and oxide-fluoride materials. This work is
presented two parts based on the identity of the anion present in the material. Part I covers
new transition metal and lanthanide metal based fluorides (Chapters 2 and 3), obtained
from hydrothermal synthesis. Part II discusses mixed-anion systems, such as transition
metal oxide-fluorides (Chapter 4 and 5) and lanthanide based oxide-chloride compounds
(Chapter 6), that are very attractive for their optical properties.
References
(1) Nikl, M.; Yoshikawa, A. Recent R&D Trends in Inorganic Single-Crystal
Scintillator Materials for Radiation Detection. Adv. Opt. Mater. 2015, 3, 463−481.
(2) van Eijk, C. W. E. Inorganic Scintillators in Medical Imaging. Phys. Med. Biol.
2002, 47, R85−R106.
(3)

Eriksson, L.; Melcher, C. L.; Eriksson, M.; Rothfuss, H.; Grazioso, R.; Aykac, M.
Design Considerations of Phoswich Detectors for High Resolution Positron
Emission Tomography. IEEE Trans. on Nucl. Sci. 2009, 56, 182−188.

(4)

Touš, J.; Blažek, K.; Pína, L.; Sopko, B. High-resolution imaging of biological and
other objects with an X-ray digital camera. Appl. Radiat. Isot. 2010, 68, 651−653.

(5) Cao, F.; Yu, D.; Ma, W.; Xu, X.; Cai, B.; Yang, Y. M.; Liu, S.; He, L.; Ke, Y.; Lan,
S.; Choy, K. L.; Zeng, H. Shining Emitter in a Stable Host: Design of Halide
Perovskite Scintillators for X-ray Imaging from Commercial Concept. ACS Nano
2020, 14, 5183−5193.
(6) Nikl, M. Scintillation detectors for x-rays. Meas. Sci. Technol. 2006, 17, R37-R54.
(7) Kim, C.; Lee, W.; Melis, A.; Elmughrabi, A.; Lee, K.; Park, C.; Yeom, J.-Y. A
Review of Inorganic Scintillation Crystals for Extreme Environments. Crystals
2021, 11, 669.
(8) Hawrami, R.; Glodo, J.; Shah, K. S.; Cherepy, N.; Payne, S.; Burger, A.; Boatner, L.
Bridgman bulk growth and scintillation measurements of SrI2:Eu2. J. Cryst. Growth.
2013, 379, 69−72.

18

(9) Wu, Y.; Lindsey, A. C.; Zhuravleva, M.; Koschan, M.; Melcher, C. L. Large-Size
KCa0.8Sr0.2I3:Eu2+ Crystals: Growth and Characterization of Scintillation Properties.
Cryst. Growth Des. 2016, 16, 4129−4135.
(10) Wei, H.; Zhuravleva, M.; Yang, K.; Blalock, B.; Melcher, C. L. Effect of Ba
substitution in CsSrI3:Eu2+. J. Cryst. Growth. 2013, 384, 27−32.
(11) Stand, L.; Zhuravleva, M.; Johnson, J.; Koschan, M.; Loyd, M.; Wu, Y.; Lukosi, E.;
Melcher, C. L. Crystal growth and characterization of high performance
KSr2BrxI5−x:Eu scintillators. J. Cryst. Growth. 2019, 526, 125213.
(12) Stand, L.; Zhuravleva, M.; Lindsey, A.; Melcher, C. L. Growth and characterization
of potassium strontium iodide: A new high light yield scintillator with 2.4% energy
resolution. Nucl. Instrum. Methods Phys. Res., Sect. A 2015, 780, 40−44.
(13) West, H. I.; Meyerhof, W. E.; Hofstadter, R. Detection of X-rays by means of
NaI(Tl) scintillation counters. Phys. Rev. 1951, 81,141−142.
(14) Cha, B. K.; Shin, J.-H.; Bae, J. H.; Lee, C.-h.; Chang, S.; Kim, H. K.; Kim, C. K.;
Cho, G. Scintillation characteristics and imaging performance of CsI:Tl thin films
for X-ray imaging applications. Nucl. Instrum. Methods Phys. Res., Sect. A 2009,
604, 224−228.
(15) Laguta, V. V.; Nikl, M.; Rosa, J.; Grinyov, B. V.; Nagornaya, L. L.; Tupitsina, I. A.
Electron spin resonance study of self-trapped holes in CdWO4 scintillator crystals. J.
Appl. Phys. 2008, 104, 103525.
(16) Takagi, K.; Oi, T.; Fukazawa, T.; Ishii, M.; Akiyama, S. Improvement in the
scintillation conversion efficiency of Bi4Ge3O12 single crystals. J. Cryst. Growth
1981, 52, 584−587.
(17) Feng, H.; Xu, W.; Ren, G.; Yang, Q.; Xie, J.; Xu, J.; Xu, J. Optical, scintillation
properties and defect study of Gd2Si2O7:Ce single crystal grown by floating zone
method. Phys. B: Condens. Matter 2013, 411, 114−117.
(18) Zhao, M.; Zhang, Q.; Xia, Z. Structural Engineering of Eu2+ Doped Silicates
Phosphors for LED Applications. Acc. Mater. Res. 2020, 1, 137−145.
(19) Zhou, Y.; Chen, J.; Bakr, O. M.; Mohammed, O. F. Metal Halide Perovskites for Xray Imaging Scintillators and Detectors. ACS Energy Lett. 2021, 6, 739−768.

19

(20) Cao, J.; Guo, Z.; Zhu, S.; Fu, Y.; Zhang, H.; Wang, Q.; Gu, Z. Preparation of Leadfree Two-Dimensional-Layered (C8H17NH3)2SnBr4 Perovskite Scintillators and
Their Application in X-ray Imaging. ACS Appl. Mater. Interfaces 2020, 12,
19797−19804.
(21) Mao, L.; Ke, W.; Pedesseau, L.; Wu, Y.; Katan, C.; Even, J.; Wasielewski, M. R.;
Stoumpos, C. C.; Kanatzidis, M. G. Hybrid Dion-Jacobson 2D Lead Iodide
Perovskites. J. Am. Chem. Soc. 2018, 140, 3775−3783.
(22) Creason, T. D.; Yangui, A.; Roccanova, R.; Strom, A.; Du, M.; Saparov, B.
Rb2CuX3 (X = Cl, Br): 1D All‐Inorganic Copper Halides with Ultrabright Blue
Emission and Up‐Conversion Photoluminescence. Adv. Opt. Mater. 2020, 8,
1901338.
(23) Wu, Y.; Han, D.; Chakoumakos, B. C.; Shi, H.; Chen, S.; Du, M.-H.; Greeley, I.;
Loyd, M.; Rutstrom, D. J.; Stand, L.; Koschan, M.; Melcher, C. L. Zerodimensional Cs4EuX6 (X = Br, I) all-inorganic perovskite single crystals for gammaray spectroscopy. J. Mater. Chem. C 2018, 6, 6647−6655.
(24) Benick, J.; Richter, A.; Muller, R.; Hauser, H.; Feldmann, F.; Krenckel, P.; Riepe,
S.; Schindler, F.; Schubert, M. C.; Hermle, M.; Bett, A. W.; Glunz, S. W. HighEfficiency n-Type HP mc Silicon Solar Cells. IEEE J. Photovolt. 2017, 7,
1171−1175.
(25) Gloeckler, M.; Sankin, I.; Zhao, Z. CdTe Solar Cells at the Threshold to 20%
Efficiency. IEEE J. Photovolt. 2013, 3, 1389−1393.
(26) Smith, M. D.; Connor, B. A.; Karunadasa, H. I. Tuning the Luminescence of
Layered Halide Perovskites, Chem. Rev. 2019, 119, 3104−3139.
(27) Mao, L.; Stoumpos, C. C.; Kanatzidis, M. G. Two-Dimensional Hybrid Halide
Perovskites: Principles and Promises. J. Am. Chem. Soc. 2019, 141, 1171−1190.
(28) Gong, J.; Flatken, M.; Abate, A.; Correa-Baena, J.-P.; Saliba, M.; Zhou, Y. The
Bloom of Perovskite Optoelectronics: Fundamental Science Matters. ACS Energy
Lett. 2019, 4, 861−865.
(29) Kumawat, N. K.; Yuan, Z.; Bai, S.; Gao, F. Metal Doping/Alloying of Cesium Lead
Halide Perovskite Nanocrystals and their Applications in Light‐Emitting Diodes
with Enhanced Efficiency and Stability. Isr. J. Chem. 2019, 59, 695−707.

20

(30) Hao, F.; Stoumpos, C. C.; Chang, R. P.; Kanatzidis, M. G. Anomalous band gap
behavior in mixed Sn and Pb perovskites enables broadening of absorption spectrum
in solar cells. J. Am. Chem. Soc. 2014, 136, 8094−99.
(31) Krishnamoorthy, T.; Ding, H.; Yan, C.; Leong, W. L.; Baikie, T.; Zhang, Z.;
Sherburne, M.; Li, S.; Asta, M.; Mathews, N.; Mhaisalkar, S. G. Lead-free
germanium iodide perovskite materials for photovoltaic applications. J. Mater.
Chem. A 2015, 3, 23829−23832.
(32) Hebig, J.-C.; Kühn, I.; Flohre, J.; Kirchartz, T. Optoelectronic Properties of
(CH3NH3)3Sb2I9 Thin Films for Photovoltaic Applications. ACS Energy Lett. 2016,
1, 309−314.
(33) McClure, E. T.; Ball, M. R.; Windl, W.; Woodward, P. M. Cs2AgBiX6 (X = Br, Cl):
New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors. Chem.
Mater. 2016, 28, 1348−1354.
(34) Slavney, A. H.; Hu, T.; Lindenberg, A. M.; Karunadasa, H. I. A Bismuth-Halide
Double Perovskite with Long Carrier Recombination Lifetime for Photovoltaic
Applications. J. Am. Chem. Soc. 2016, 138, 2138−2141.
(35) Volonakis, G.; Haghighirad, A. A.; Milot, R. L.; Sio, W. H.; Filip, M. R.; Wenger,
B.; Johnston, M. B.; Herz, L. M.; Snaith, H. J.; Giustino, F. Cs2InAgCl6: A New
Lead-Free Halide Double Perovskite with Direct Band Gap. J. Phys. Chem. Lett.
2017, 8, 772−778.
(36) Yang, B.; Yin, L.; Niu, G.; Yuan, J.-H.; Xue, K.-H.; Tan, Z.; Miao, X.-S.; Niu, M.;
Du, X.; Song, H.; et al. Lead-Free Halide Rb2CuBr3 as Sensitive X-Ray Scintillator.
Adv. Mater. 2019, 31, 1904711.
(37) Zhao, X.; Niu, G.; Zhu, J.; Yang, B.; Yuan, J.-H.; Li, S.; Gao, W.; Hu, Q.; Yin, L.;
Xue, K.-H.; et al. All-Inorganic Copper Halide as a Stable and Self-Absorption-Free
X-Ray Scintillator. J. Phys. Chem. Lett. 2020, 11, 1873−1880.
(38) Gao, W.; Niu, G.; Yin, L.; Yang, B.; Yuan, J.-H.; Zhang, D.; Xue, K.-H.; Miao, X.;
Hu, Q.; Du, X.; et al. One-Dimensional All Inorganic K2CuBr3 with Violet
Emission as Efficient X-Ray Scintillators. ACS Appl. Electron. Mater. 2020, 2,
2242−2249.

21

(39) Zhang, M.; Wang, X.; Yang, B.; Zhu, J.; Niu, G.; Wu, H.; Yin, L.; Du, X.; Niu, M.;
Ge, Y.; Xie, Q.; Yan, Y.; Tang, J. Metal Halide Scintillators with Fast and Self‐
Absorption‐Free Defect‐Bound Excitonic Radioluminescence for Dynamic X‐Ray
Imaging. Adv. Funct. Mater. 2021, 31, 2007921.
(40) Cheng, S.; Beitlerova, A.; Kucerkova, R.; Nikl, M.; Ren, G.; Wu, Y. Zero‐
Dimensional Cs3Cu2I5 Perovskite Single Crystal as Sensitive X‐Ray and γ‐Ray
Scintillator. Phys. Status Solidi RRL 2020, 14, 2000374.
(41) He, Q.; Zhou, C.; Xu, L.; Lee, S.; Lin, X.; Neu, J.; Worku, M.; Chaaban, M.; Ma, B.
Highly Stable Organic Antimony Halide Crystals for X-ray Scintillation. ACS
Mater. Lett. 2020, 2, 633−638.
(42) Li, W.; Liu, L.; Tan, M.; He, Y.; Guo, C.; Zhang, H.; Wei, H.; Yang, B. Low‐Cost
and Large‐Area Hybrid X‐Ray Detectors Combining Direct Perovskite
Semiconductor and Indirect Scintillator. Adv. Funct. Mater. 2021, 31, 2107843.
(43) Morad, V.; Shynkarenko, Y.; Yakunin, S.; Brumberg, A.; Schaller, R. D.;
Kovalenko, M. V. Disphenoidal Zero-Dimensional Lead, Tin, and Germanium
Halides: Highly Emissive Singlet and Triplet Self-Trapped Excitons and X-ray
Scintillation. J. Am. Chem. Soc. 2019, 141, 9764−9768.
(44) Li, S.; Xu, J.; Li, Z.; Zeng, Z.; Li, W.; Cui, M.; Qin, C.; Du, Y. One-Dimensional
Lead-Free Halide with Near-Unity Greenish-Yellow Light Emission. Chem. Mater.
2020, 32, 6525−6531.
(45) Maurizio, S. L.; Tessitore, G.; Krämer, K. W.; Capobianco, J. A. BaYF5:Yb3+, Tm3+
Upconverting Nanoparticles with Improved Population of the Visible and NearInfrared Emitting States: Implications for Bioimaging. ACS Appl. Nano Mater.
2021, 4, 5301−5308.
(46) Tu, D.; Liu, Y.; Zhu, H.; Li, R.; Liu, L.; Chen, X. Breakdown of Crystallographic
Site Symmetry in Lanthanide-Doped NaYF4 Crystals. Angew. Chem. 2013, 125,
1166−1171.
(47) Maurya, S. K.; Mohan, M.; Poddar, R.; Senapati, D.; Singh, S.; Roy, A.;
Munirathnappa, A. K.; da Silva, J. C. G. E.; Kumar, K. Synthesis of
NaGdF4:Er3+/Yb3+ Upconversion Particles as Exogenous Contrast Agent for Swept-

22

Source Optical Coherence Tomography: In Vitro Animal Tissue Imaging. J. Phys.
Chem. C 2020, 124, 18366−18378.
(48) Zheng, W.; Zhou, S.; Chen, Z.; Hu, P.; Liu, Y.; Tu, D.; Zhu, H.; Li, R.; Huang, M.;
Chen, X. Sub-10 nm Lanthanide-Doped CaF2 Nanoprobes for Time-Resolved
Luminescent Biodetection. Angew. Chem. 2013, 125, 6803−6808.
(49) Khan, A.; Rooh, G.; Kim, H. J.; Kim, S. Ce3+-activated Tl2GdCl5: Novel halide
scintillator for X-ray and γ-ray detection. J. Alloys Compd. 2018, 741, 878-882.
(50) Grzyb, T.; Wiglusz, R. J.; Nagirnyi, V.; Kotlov, A.; Lis, S. Revised crystal structure
and luminescent properties of gadolinium oxyfluoride Gd₄O₃F₆ doped with Eu³⁺
ions. Dalton Trans. 2014, 43, 6925−6934.
(51) Passuello, T.; Piccinelli, F.; Trevisani, M.; Giarola, M.; Mariotto, G.; Marciniak, L.;
Hreniak, D.; Guzik, M.; Fasoli, M.; Vedda, A.; Jary, V.; Nikl, M.; Causin, V.;
Bettinelli, M.; Speghini, A. Structural and optical properties of Vernier phase
lutetium oxyfluorides doped with lanthanide ions: interesting candidates as
scintillators and X-ray phosphors. J. Mater. Chem. 2012, 22, 10639.
(52) Cates, E. L.; Wilkinson, A. P.; Kim, J.-H. Visible-to-UVC upconversion efficiency
and mechanisms of Lu7O6F9:Pr3+ and Y2SiO5:Pr3+ ceramics. J. Lumin. 2015, 160,
202−209.
(53) Wang, D.-Y.; Ma, P.-C.; Zhang, J.-C.; Wang, Y.-H. Efficient Down- and UpConversion Luminescence in Er3+-Yb3+ co-doped Y7O6F9 for Photovoltaics. ACS
Appl.Energy Mater. 2018, 1, 447−454.
(54) Nakajima, T.; Žemva, B.; Tressaud, A. Advanced Inorganic Fluorides: synthesis,
characterization and applications; Elsevier: Switzerland, 2000.
(55) Shannon, R. D. Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides. Acta Crystallogr. A 1976, 32, 751−767.
(56) Wang, F.; Liu, X. Recent advances in the chemistry of lanthanide-doped
upconversion nanocrystals. Chem. Soc. Rev. 2009, 38, 976−989.
(57) Yunusov, R. Y.; Solovyev, O. V. Nonadiabatic effects in the 4f1-5d1 absorption
spectrum of a LiYF4:Ce3+ crystal. Opt Spectros. 2014, 116, 764−768.

23

(58) Suyver, J. F.; Grimm, J.; van Veen, M. K.; Biner, D.; Krämer, K. W.; Güdel, H. U.
Upconversion spectroscopy and properties of NaYF4 doped with Er3+, Tm3+ and/or
Yb3+. J. Lumin. 2006, 117, 1−12.
(59) Reig-i-Plessis, D.; Hallas, A. M. Frustrated magnetism in fluoride and chalcogenide
pyrochlore lattice materials. Phys. Rev. Mater. 2021, 5, 030301.
(60) Hu, T.; Lin, H.; Gao, Y.; Xu, J.; Wang, J.; Xiang, X.; Wang, Y. Host sensitization of
Mn4+ in self-activated Na2WO2F4:Mn4+. J. Am. Ceram. Soc. 2018, 101, 3437−3442.
(61) Ayer, G. B.; Klepov, V. V.; Smith, M. D.; Hu, M.; Yang, Z.; Martin, C. R.;
Morrison, G.; zur Loye, H.-C. BaWO2F4: a mixed anion X-ray scintillator with
excellent photoluminescence quantum efficiency. Dalton Trans. 2020, 49,
10734−10739.
(62) Bugaris, D. E.; zur Loye, H.-C. Materials discovery by flux crystal growth:
quaternary and higher order oxides. Angew. Chem. 2012, 51, 3780−3811.
(63) Laudise, R. A.; Nielsen, J. W. Hydrothermal Crystal Growth. Solid State Phys.
1961, 12, 149−222.

24

PART I

INVESTIGATION OF SYNTHESIS, STRUCTURE, AND PROPERTIES OF NEW
TRANSITION METAL AND LANTHANIDE METAL BASED FLUORIDES
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CHAPTER 21

QUATERNARY CERIUM(IV) CONTAINING FLUORIDES EXHIBITING
Ce3F16 SHEETS AND Ce6F30 FRAMEWORK

2

Adapted with permission from Ayer, G. B.; Klepov, V. V.; Pace, K. A.; zur Loye. H.-C.
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Abstract
A series of new Ce(IV) based fluorides with two different compositions,
Cs2MCe3F16 (M = Ni2+, Co2+, Mn2+, and Zn2+) and Na3MCe6F30 (M = Al3+, Ga3+, Fe3+, and
Cr3+) were synthesized as high quality single crystals via a mild hydrothermal route. The
compounds with the composition Cs2MCe3F16 (M = Ni2+, Co2+, Mn2+, and Zn2+) crystallize
in the hexagonal crystal system with space group P63/mmc and are isotypic with the
uranium analogs, whereas the Na3MCe6F30 (M = Al3+, Ga3+, Fe3+, and Cr3+) compounds
crystallize in the trigonal space group Pc1 and are isotypic with the uranium and thorium
analogs. The Cs2MCe3F16 compounds exhibit a complex 3D crystal structure constructed
of edge-sharing cerium trimers, in which all three Ce atoms share a common µ3-F unit. The
Na3MCe6F30 compounds are constructed of edge- and vertex-sharing cerium polyhedra
connected to each other to form Ce6F306- framework, which can accommodate only
relatively smaller trivalent cations (M3+ = Al3+, Ga3+, Fe3+, and Cr3+) as compared to
uranium and thorium analogs. Magnetic susceptibility measurements were carried out on
the samples of Cs2MCe3F16 (M = Ni2+ and Co2+), which exhibit paramagnetic behavior.
Introduction
The importance of optical materials in the modern technological applications,
particularly in LED devices and upconversion materials, resulted in the development of a
number of new classes of compounds for optical applications.1–4 Oxides have attracted a
lot of the attention due to their stability and the relative ease of doping them with lanthanide
cations, such as Ce3+, Eu3+, and Tb3+.5–13 Another direction in developing new matrices for
optical materials are fluorides and mixed halides, which offer a good platform for the
design of new rigid and stable frameworks.14–17 Several fluoride matrices have been
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extensively studied for potential bioimaging and LED applications, in particular,
lanthanide-doped CaF2,18 KMnF3,19,20 YF3,21 BaYF5,22 and LiYF423, which are promising
due to their sharp f–f emission peaks, a long photoluminescence (PL) lifetime, low toxicity,
and high resistance to photo-bleaching. For the efficient upconversion luminescence, the
rare earth fluorides, such as NaYF4 and NaGdF4, that belong to AREF4 (A = alkali metal,
RE = rare earth) fluoride family have been used as host matrices for the Ln3+ doping
because of their high chemical stability and intrinsic low phonon energies (<350 cm-1).24–
30

For example, KGdF4:Ln3+ nanocrystals can be used in bioprobes containing Gd3+ as a

sensitizer,31 while lanthanide-doped KGd2F7 nanocrystals, which were synthesized by a
facile decomposition method, display characteristic downshifting and upconverting
luminescence ranging from the visible to near-infrared spectral regions and can be
employed for diverse applications, such as sensing, optogenetics and nano-photonics.32
The use of fluorides is not limited to the rare earth elements as some other elements, such
as Sc and Bi, can be employed to create host materials for Ln3+ doping to achieve an intense
luminescence. For example, a novel hexagonal nanocrystals of NaBiF4:Yb3+/Er3+ and
KSc2F7:Yb3+/Er3+ show excellent upconversion luminescence.33,34 Furthermore, the red
emitting Mn4+ doped fluorides such as K2SiF6, K2TiF6, Rb2GeF6, Cs2GeF6, Cs2HfF6,
BaSnF6, BaTiF6 are an important class of materials for LED lighting and displays.35 All
these examples demonstrate the importance of developing new fluoride host matrices for
the further development of optical materials.
The design of new fluorides requires the development of new synthetic procedures
that would enable the efficient formation of the target phases. The mild hydrothermal route
has been shown as an extremely productive and convenient strategy for the synthesis of
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new fluorides, resulting in the formation of high quality single crystals that can be readily
used for single crystal X-ray analysis.36-39 It also eliminates the use of highly toxic and
corrosive HF and F2 gases. A good example of how this approach can be employed for the
synthesis of an extended family of compounds is the NaxMM’6F30 (M is a di- or trivalent
metal cation, M’ is a tetravalent cation) structure type that can host 17 and 11 elements in
the thorium and uranium(IV) frameworks, respectively.40-42 Although these compounds
were found to be very stable and form readily under various synthetic conditions, their
cerium analogs have never been reported. Moreover, their exceptional stability (these
compounds do not dissolve even in nitric acid)43 demonstrate their potential for their use
as functional materials. Recently, we have shown that the size of the tetravalent cation in
the NanMAn6F30 families dictates the maximum size of the cation that can occupy the M
site. The framework expansion using the larger Th4+ cation allowed for incorporation of
even some Ln atoms (Tm and Lu), while the M cation size tolerance in the NanMU6F30
series falls somewhere in between Sc and the rare earth elements. This observation
motivated us to pursue the synthesis of the Ce(IV) analogs of these compounds along with
those belonging to a second structural fluoride family, Cs2MCe3F16, to follow this trend
and probe the size influence on the stability of Na3MCe6F30 compounds.
In this report, we describe the synthesis and characterization of 8 new cerium
fluoride compounds that belong to two structure types, Na3MCe6F30 (M = Al3+, Ga3+, Fe3+,
and Cr3+) and Cs2MCe3F16 (M = Ni2+, Co2+, Mn2+, and Zn2+). As the Ce4+ cation is smaller
than the U4+ and Th4+ cations (their Shannon ionic radii are 1.02, 1.05 and 1.09 Å,
respectively)44 the use of cerium should result in a smaller NanMCe6F30 framework that
can accommodate only small M cations. This hypothesis is supported by our synthetic
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results that led to our characterization of the new compounds by single crystal and powder
X-ray diffraction, UV-vis spectroscopy, and magnetic susceptibility measurements.
Experimental section
Reagents. NaF(Alfa Aesar, 99%), CsF (Alfa Aesar, 99.9%), CeO2 (Alfa Aesar,
99.9%), NiF2 (Alfa Aesar, 99%), CoF2 (Alfa Aesar, 98%), MnF2 (Alfa Aesar, 99%), ZnF2
(Alfa Aesar, 99%), Al2O3 (Johnson Matthey, 99.9%), Ga2O3 (Alfa Aesar, 99.9%), FeF3
(Strem, 99%), CrF3∙xH2O (Alfa Aesar), and HF (EMD, 49%) were used as received.
Warning! HF should only be handled in a well-ventilated space and proper safety
precautions must be used as it is highly corrosive and toxic. If contact with the liquid or
vapor occurs, proper treatment procedures should immediately be followed.
Synthesis. The title compounds were grown as single crystals by utilizing a mild
hydrothermal synthetic approach. For the preparation of Cs2MCe3F16 (M= Ni, Co, Mn, and
Zn), 2 mmol of CeO2, 2 mmol of CsF, and 2 ml of 49% HF were combined with 1 mmol
of NiF2, CoF2, MnF2, or ZnF2 respectively. For the preparation of Na3MCe6F30 (M = Al,
Ga, Fe, and Cr), 2 mmol of CeO2, 2 mmol of NaF, and 2 ml of 49% HF were combined
with 1 mmol of Al2O3, Ga2O3, FeF3, and CrF3·xH2O respectively. The respective solutions
were placed into 23 ml PTFE-lined autoclaves. The autoclaves were sealed, heated to
200°C at a rate of 5 °C min-1, held at this temperature for one day, and cooled to room
temperature at a rate of 6 °C h-1. The mother liquor was decanted from the product, which
was isolated by filtration and washed with distilled water and acetone. In all cases for
Cs2MCe3F16 (M= Ni, Co, Mn, and Zn), the reaction yielded hexagonal plate-shaped
crystals that consist of light-green crystals for Ni, pink crystals for Co, reddish-brown
crystals for Mn and colorless crystals for Zn in an approximately 10% yield based on
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cerium. For Na3MCe6F30 (M = Al, Ga, Fe, and Cr), the reactions yielded colorless block
crystals for M = Al, Ga, and Fe and light-green translucent rod-shaped crystals for Cr in an
approximately 60% yield based on CeO2.
Single Crystal X-ray Diffraction. X-ray intensity data sets were collected on all
single crystals at 300(2) K on a Bruker D8 QUEST diffractometer equipped with an
Incoatec IμS 3.0 microfocus radiation source (Mo Kα, λ = 0.71073 Å) and a PHOTON II
area detector. The raw area detector data frames were reduced and corrected for absorption
effects with the SAINT and SADABS programs.45,46 Final unit cell parameters were
determined by least-squares refinement of a large number of reflections taken from the data
set. Direct methods structure solution, difference Fourier calculations, and full- matrix
least-squares refinement against F2 were performed with SHELXL software.
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The

crystallographic data for Na3MCe6F30 (M = Al3+, Ga3+, Fe3+, and Cr3+) and Cs2MCe3F16 (M
= Ni2+, Co2+, Mn2+, and Zn2+) are shown in Table 2.1.
Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data, covering the
angular range of 5 to 65° in 2θ with a step size of 0.04°, were collected for phase purity
confirmation on a Bruker D2 PHASER diffractometer utilizing Cu Kα radiation. No
impurities were observed in the diffraction patterns, (Figure 2.1 and 2.2).
Optical Properties. UV−vis spectra were recorded using a PerkinElmer Lambda
35 UV/visible scanning spectrophotometer used in the diffuse reflectance mode equipped
with an integrating sphere. Diffuse reflectance spectra were recorded in the 200−900 nm
range. Reflectance data were converted to absorbance by the instrument via the
Kubelka−Munk function.48 All optical measurements were performed on polycrystalline
powders obtained by grinding the product single crystals.
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Figure 2.1 Experimental and calculated powder patterns of Cs2NiCe3F16 indicated by the
black and red lines respectively.
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Figure 2.2 Experimental and calculated powder patterns of Cs2CoCe3F16 indicated by the
black and red lines respectively
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Table 2.1 Crystallographic data for Cs2MCe3F16 (M= Ni, Co, Mn, and Zn), and Na3MCe6F30 (M = Al, Ga, Fe, and Cr)
Cs2NiCe3F16

Cs2CoCe3F16

Cs2MnCe3F1

Cs2ZnCe3F16

Na3AlCe6F30

Na3GaCe6F30

Na3FeCe6F30

Na3CrCe6F30

1055.55

1506.67

1549.41

1535.54

1531.69

6

Formula
weight
Crystal system
Space group, Z
a, Å
b, Å
c, Å
!, deg
V, Å3
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ρcalcd, g/cm3
Radiation (λ,
Å)
µ, mm–1

1048.89

1049.11

1045.12

7.8687 (2)

Hexagonal
P63/mmc
7.8823 (2)
7.9014 (2)

9.6715 (2)

Trigonal
Pc1
9.7126 (3)
9.7288 (2)

7.8769 (2)

9.7142 (3)

7.8687 (2)
12.8302 (3)
120
687.97 (4)

7.8823 (3)
12.9303 (3)
120
695.74 (4)

7.9014 (2)
13.0931 (4)
120
707.91 (4)

7.8769 (2)
12.9013 (3)
120
693.23 (4)

9.6715 (2)
12.7479 (3)
120
1032.66 (5)

9.7126 (3)
12.7972 (4)
120
1045.48 (7)

9.7288 (2)
12.8247 (3)
120
1051.23 (5)

9.7142 (3)
12.7980 (5)
120
1045.89 (8)

5.063

5.008

4.903

5.057
4.846
MoKα(0.71073)

4.922

4.851

4.864

16.470

16.125

15.568

16.717

13.310

14.365

13.695

13.591

T, K

300(2)

Crystal
dim.,mm3
2θ range, deg.

0.03´0.03´0.
01
2.99 – 33.08

0.03´0.03´0.
01
2.98 – 33.10

0.03´0.02´0.
02
2.98 – 33.09

0.02´0.01´0.
01
2.99 – 33.13

0.07´0.07´0.
06
2.43 – 36.32

0.08´0.06´0.
01
2.42 – 36.37

0.07´0.07´0.0
6
2.42 – 36.29

0.08´0.06´0.
01
2.42 – 36.33

Reflections
collected
Data/restraints
/parameters
Rint
Goodness of
fit
R1(I > 2σ(I))
wR2 (all data)

10772

18480

10749

16989

20879

22864

22387

20004

335/28/0

338/28/0

347/28/0

480/29/0

1249/63/0

1030/63/0

1032/0/63

1029/0/62

0.0305
1.148

0.0280
1.220

0.0354
1.090

0.0358
1.155

0.0284
1.082

0.0401
1.058

0.0271
1.156

0.0409
1.187

0.0231
0.0450

0.0113
0.0236

0.0130
0.0299

0.0113
0.0237

0.0097
0.0281

0.0112
0.0246

0.0090
0.0206

0.0141
0.0299

Magnetism. The magnetic properties of the ground samples were measured using
a Quantum Design MPMS 3 SQUID magnetometer. Temperature-dependent field-cooled
(FC) and zero-field-cooled (ZFC) susceptibility measurements were performed from 2 to
300 or 375 K in an applied field of 0.1 T. The raw data were corrected for radial offset and
sample shape effects according to the method described in the literature. 49
Results and Discussion
Crystal Growth. To determine the range of Ce(IV) fluoride formation as a function
of cation size, a mild hydrothermal synthetic route was used at a temperature of 200 °C to
synthesize a series of novel Ce(IV) containing fluorides, Cs2MCe3F16 (M= Ni, Co, Mn, and
Zn) and Na3MCe6F30 (M = Al, Ga, Fe, and Cr). The existence of these cerium fluoride
phases was anticipated given the reported uranium and thorium series, Cs2MU3F16 (M =
Mn, Co, Ni, and Zn) and NanMM’6F30 (n = 3 or 4, M is a tri- or divalent 3d metal, and M’
= U, Th), and the fact that the ionic radii of Ce(IV), U(IV) and Th(IV) are very similar.4042,50

For the preparation of Cs2MCe3F16 (M= Ni, Co, Mn, and Zn), the molar ratios of the

cerium, cesium, and the divalent metal precursors were optimized to obtain phase pure
samples in every case, except for the Mn containing analog. Any attempt to optimize the
reaction conditions for obtaining a phase pure sample of the Mn analog was not successful,
and the product always contained a minor fraction of a CeF3 impurity. For the synthesis of
Na3MCe6F30 (M = Al, Ga, Fe, and Cr) series, we utilized the reaction conditions similar to
those reported for the synthesis of the thorium analogs, Na3MTh6F30 (M = Al, Ga, Fe, and
Cr).40
The use of hydrofluoric acid in the reaction mixture maintains a favorable pH
environment (∼1−2)30 that facilitates digestion of the CeO2 precursor and that leads to the
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formation of a stable cerium/transition metal fluoride framework. Interestingly, our initial
attempts to prepare Cs2MCe3F16 (M= Ni, Co, Mn, and Zn) using divalent metal acetate
precursors resulted in the formation of CeF3 as the major product, while the use of divalent
metal fluoride precursors resulted in phase pure samples of the target compounds. This
effect is reminiscent of one observed in uranium chemistry, where an excess of fluoride
anions in the presence of the relatively weak acetate reducing agent leads to the reduction
of U(VI) and the stabilization of the +4 oxidation state for uranium. In an analogous
process, Ce(IV) reduces in the presence of acetate anions, transforming CeO2 to CeF3.
Given that no other Ce(III) fluoride phase was observed in the present studies, one can
surmise that CeO2 reduction is favored by the thermodynamic stability of CeF3 phase rather
than a high redox potential of CeO2 under the reaction conditions, although one cannot
draw a definitive conclusion based on our experiments. However, it is noteworthy that
Kolis et al. observed a similar effect in a reaction of CeF4 with various alkali cation
mineralizers, such as TlF, KF, and NH4F, at 250 °C, where no apparent reducing agent was
present, indicating an increasing oxidizing power of Ce4+ in fluoride media with increasing
temperature.37
For the Na3MCe6F30 (M = Al, Ga, Fe, and Cr) series, regardless of our numerous
attempts to incorporate Ti3+ and larger trivalent cations into the Ce6F30 framework, no
additional analogs were obtained. Moreover, the reactions in the presence of divalent metal
fluorides, such as NiF2 and CoF2, did not result in any Na4MCe6F30 phase, which is
surprising given the exceptional stability of the thorium and uranium analogs.40,42 Instead,
the ternary Na7Ce6F31 composition forms along with a minor fraction of CeF3, highlighting
the stability of the former phase over Na4MCe6F30 under the reaction conditions used. One
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possible source of its stability (versus U and Th analogs) are the similar sizes of the Na+
and Ce4+ cations that result in substitutional disorder across all three unique metal sites in
the structure of Na7Ce6F31.37 It appears that the largest trivalent cation that can be
incorporated into the structure is iron, a significant decrease in the range of NaxMM’6F30
formation as a function of trivalent cation size from ~0.80 to ~0.645 Å (the Shannon radii
of In3+ and Fe3+ cation with CN = 6)44 for M’ = U and Ce respectively. This is in good
agreement with the previously observed trend that the larger Th4+ cation forms a framework
with larger pores that can accommodate larger M cations versus the analogous U
framework.

40,41

As the Ce4+ size is even smaller (~1.02 versus 1.05 Å for Ce(IV) and

U(IV), respectively), it can only accommodate cations as large as Fe3+ on the M site (Figure
2.3).

Figure 2.3 Plot of size of trivalent cations vs tetravalent cations. The size of trivalent
cations M3+ (M = Al, Cr, Ga, V, Fe, Ti, Sc, In, and Y) plotted against the size of the
tetravalent framework forming cations Th4+, U4+, and Ce4+. The line indicates the position
of a phase boundary for each series at the given reaction conditions.
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Structure Description
Cs2MCe3F16 (M= Ni, Co, Mn, and Zn). The compounds crystallize in the
hexagonal crystal system with the space group P63/mmc and are isotypic with the uranium
analogs, Cs2MU3F16 (M= Ni, Co, Mn, Mg, and Zn).50 The asymmetric unit consists of one
cerium, one divalent metal, one cesium, and four fluorine atoms. The crystal structure is
constructed of edge-sharing cerium trimers, in which all three Ce atoms share a common
µ3-F unit. Each trimer shares six edges with neighboring trimers to form a sheet that is
perpendicular to the c axis. The divalent cations are located on top and below of each
trimer, connecting successive sheets into a 3D framework with pores that are occupied by
Cs atoms. The unit cell volume changes accordingly to the size of the divalent metalcations,
decreasing from 707.91(4) Å3 for M = Mn2+ (r(Mn2+) = 0.83 Å44 to 687.97(4) Å3 (r(Ni2+)
= 0.69 Å). 44 The cerium atoms form CeF9 coordination polyhedra in the shape of a
monocapped tetragonal antiprism with Ce–F bond distances ranging from 2.1812(19) to
2.3657(17) Å. Three cerium polyhedra connect through a common µ3-F anion and share
an edge with each other to form a Ce3F22 cerium trimer (Figure 2.4a), which edge shares
to form a sheet perpendicular to the c axis. The divalent metal cations M2+ = Ni2+, Co2+,
Mn2+, and Zn2+ form almost regular octahedra with D3d site symmetry (Figure 2.4b) and
M–F bond lengths of 1.987(4), 2.017(2), 2.068(2), and 2.008(15) Å, respectively, and the
F–M–F angles fall within the narrow range of 89.32(17)–90.60(6)°. The divalent metal
cations connect the neighboring cerium trimers by corner-sharing through three fluoride
ions of each trimer to form a column of successive trimers and M octahedra down the c
axis (Figure 2c), linking the [Ce3F16]4– sheets into a framework (Figure 2.4d).
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Figure 2.4 Crystal structure of Cs2MCe3F16. (a) A view of a MF6 octahedron (M = Ni,
Co, Mn, and Zn), (b) cerium trimer consisting of edge-sharing CeF9 polyhedra, (c) sheet
consisting of cerium trimers connected to each other by M2+ cations along the c axis, (d)
a view of Cs2MCe3F16 (M= Ni, Co, Mn, and Zn) structure along the c axis. The cerium,
M (M = Ni, Co, Mn and Zn), cesium and fluorine atoms are shown in grey, deep blue,
pink, and green, respectively.
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Na3MCe6F30 (M = Al, Ga, Fe, and Cr). All compounds crystallize in the trigonal
space group Pc1 and are isotypic with the uranium and thorium analogs.40,41 The
asymmetric unit consists of one cerium, one trivalent metal ion, two sodium, and five
fluorine atoms. The crystal structure is constructed of corner- and edge-sharing CeF9 and
MF6 polyhedra to form a complex 3D framework structure, which contains the channels
that are occupied by the sodium cations (Figure 2.5d).
The cerium atoms form CeF9 polyhedra (Figure 2.5a) in the shape of a distorted
tricapped trigonal prism with Ce–F bond lengths ranging from 2.2166(15) to 2.4156(11)
Å. By edge- and vertex-sharing, the cerium polyhedra connect to each other to form the
Ce6F306- framework containing two types of hexagonal channels. The Na(1) atoms occupy
one type of channel, while the Na(2) atoms successively occupy the other one together with
the trivalent atoms (Figure 2.5b). The trivalent cations form MF6 octahedra with D3 site
symmetry. The M–F bond distances are 1.8077(10), 1.8789(12), 1.9121(10), and
1.8916(15) Å for Al, Ga, Fe, and Cr respectively.

(a)

(b)
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Figure 2.5 Crystal structure of Na3MCe6F30 (M = Al, Ga, Fe, and Cr). (a) A CeF9
distorted tricapped trigonal prism, (b) metal ions (M = Al, Ga, Fe, and Cr) octahedron, (c,
d) a view of Na3MCe6F30 (M = Al, Ga, Fe, and Cr) structure along the a and c axes,
respectively. The cerium, M (M = Al, Ga, Fe, and Cr), sodium and fluorine atoms are
shown in grey, deep blue, pink, and green, respectively.
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UV-Vis Diffuse Reflectance Spectroscopy. The optical measurements were
performed on polycrystalline powders obtained by grinding the product single crystals of
the compounds containing divalent cations, Cs2MCe3F16 (M= Ni2+ and Co2+). The various
absorption bands are attributed to the d-d electronic transitions in the divalent metal ions,
which were interpreted by the Tanabe-Sugano diagram.51 In the nickel analog, the bands
involve transitions to several excited states 3T2g (F), 3T1g (F) and 3T1g (P) from the ground
state of 3A2g with a broad intense absorption band at 310 nm. The cobalt analog exhibits
absorption bands in the 200–900 nm region due to transitions from the 4T1g ground state to
4

T2g (F), 4A2g (F) and 4T1g (P) excited states with an intense peak at 338 nm (Figure 2.6),

which is consistent with the reported spectra for divalent metal ions (M= Ni2+ and Co2+).51

(a)

(b)

Figure 2.6 UV-Vis diffuse absorbance spectra of (a) Cs2NiCe3F16 and (b) Cs2CoCe3F16

Magnetic Properties. The magnetic susceptibility data for Cs2MCe3F16 (M= Ni2+ and
Co2+) were collected over the temperature range of 2 to 300 and 2 to 375 K (Figure 2.7).
The Cs2NiCe3F16 analog follows the Curie-Weiss law over a wide temperature range, while
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Cs2CoCe3F16 deviates from Curie-Weiss behavior at temperatures below 50 K. The inverse
susceptibility data were fitted to the Curie-Weiss law at temperatures above 50 and 100 K
for M = Ni and Co, respectively, to derive the effective magnetic moments and the Weiss
constants, which are given in Table 2.2 along with the calculated expected values for free
ions.
The effective magnetic moment for Cs2NiCe3F16 is virtually identical to the
calculated spin only moment, 2.85 vs. 2.83 µB, with a slightly negative Weiss constant of
-4.50 K, which is indicative of weak antiferromagnetic interactions between the nickel
cations, although there are no apparent magnetic transitions down to 2 K. The derived
magnetic moment of 5.34 µB found for the Co analog is significantly larger than a
calculated spin only value of 3.87 µB, which is indicative of spin-orbit coupling that is
typical for the Co2+ cations.
The observed magnetism of the Cs2MCe3F16 series is in stark contrast to its uranium
analogs, which undergo a ferrimagnetic transition at low temperatures.50 The magnetic
structure of the uranium analogs can be described as consisting of U3F22 trimers and MF6
octahedra that form columns, which are hexagonally arranged to build up a framework. In
the columns, all the uranium atoms have the same parallel magnetic moments, while the
divalent metal cations order antiferromagnetically to the uranium atoms. It was shown that
the ferrimagnetic transition can be suppressed by replacing the magnetic ions Mn2+, Co2+,
and Ni2+ with diamagnetic Zn2+ cations.50 In a similar way, the magnetic interactions within
the chains can be disrupted by replacing U4+ (f2) with the diamagnetic Ce4+ (f0) cations,
providing further evidence for the necessity of having both divalent cations and tetravalent
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cations with unpaired f-electrons present for magnetic ordering to take place in
Cs2MM’3F16 (Figure 2.8).

(a)

(b)
Figure 2.7 Magnetic susceptibility and inverse susceptibility plot of (a) Cs2NiCe3F16 and
(b) Cs2CoCe3F16. Data were collected in a ZFC measurement with a 0.1 T applied field and
are shown in the range from 2 – 300 K for Cs2NiCe3F16 and 2 – 375 K for Cs2CoCe3F16.
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Figure 2.8 A schematic representation of magnetism in Cs2MM’3F16 series. If both M’3F16
and the M cation have unpaired electrons (paramagnetic), a magnetic ordering can be
observed (e.g. Cs2CoU3F16), while if either M’3F16 layers or the M cation is diamagnetic,
the magnetic ordering is disrupted (e.g. Cs2CoCe3F16 and Cs2ZnU3F16, respectively).
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Table 2.2 Curie – Weiss Constants and Effective Magnetic Moments for the Quaternary
Cerium Fluorides
Compound
Cs2NiCe3F16
Cs2CoCe3F16

θw (K)
-4.50
-26.67

μeff/μB
2.85
5.34

μcalc/μB
2.83
3.87

Conclusion
A series of novel quaternary cerium fluorides, Cs2MCe3F16 (M= Ni, Co, Mn, and
Zn) Na3MTh6F30 (M = Al, Ga, Fe, and Cr) was synthesized by the mild hydrothermal
synthetic route and structurally characterized. The Cs2MCe3F16 (M= Ni, Co, Mn, and Zn)
compounds exhibit a complex three-dimensional crystal structure consisting of both
corner- and edge-sharing CeF9 polyhedra. The Na3MCe6F30 structure type can structurally
accommodate only smaller trivalent cations, specifically Al, Ga, Fe, and Cr in the
framework. Larger trivalent cations with radii >0.645 Å do not form the target phase and
simply result in the formation of CeF3 as the major product. Magnetic susceptibility
measurements for the compounds containing divalent cations Ni2+ and Co+2 ions exhibit
simple paramagnetic behavior.
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CHAPTER 3
MILD HYDROTHERMAL SYNTHESIS OF THE COMPLEX HAFNIUM
CONTAINING FLUORIDES Cs2[M(H2O)6][Hf2F12] (M= Ni, Co, AND Zn),
CuHfF6(H2O)4 AND Cs2Hf3Mn3F20 BASED ON HfF7 AND HfF6 COORDINATION
POLYHEDRA

3

Adapted with permission from Ayer, G. B.; Klepov, V. V.; Smith, M. D.; zur Loye. H.-C.
Inorg. Chem. 2019, 58, 13049-13057. © American Chemical Society
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Abstract
A series of new Hf(IV) containing fluorides with three different compositions,
Cs2[M(H2O)6][Hf2F12] (M = Ni, Co, and Zn), CuHfF6(H2O)4 and Cs2Hf3Mn3F20, were
synthesized as high quality single crystals via a mild hydrothermal route. The compounds
with compositions of Cs2[M(H2O)6][Hf2F12] (M = Ni, Co, and Zn) and CuHfF6(H2O)4
crystallize in the monoclinic space groups P21/n and P21/c, respectively, while the
Cs2Hf3Mn3F20

phase

crystallizes

in

the

orthorhombic

space

group

Pmmn.

Cs2[M(H2O)6][Hf2F12] (M = Ni, Co, and Zn) exhibits a complex 3D crystal structure
consisting of edge-sharing dimers of HfF7 polyhedra, which are linked to the divalent metal
octahedra via hydrogen bonding. Cs2Hf3Mn3F20 features corner-sharing HfF7 and MnF7
dimers as well as isolated MnF6 octahedra, while the CuHfF6(H2O)4 phase exhibits a 3D
structure that consists of HfF6 octahedra linked with neighboring copper octahedral units
by hydrogen bonding interactions. UV-vis spectra of the titled compounds were collected
and exhibit absorption bands due to electronic transitions in the divalent metal cations
(Ni2+, Co2+, Cu2+, and Mn2+). Magnetic susceptibility measurements revealed a
paramagnetic behavior in the compounds containing magnetic cations Ni, Co, Cu and Mn.
Introduction
The chemistry of the group 4 elements, specifically that of hafnium, has been of
particular interest due to its relevance in electronic equipment, ceramics, control rods in
nuclear reactors, light bulbs and in the making of superalloys.1 Hafnium was identified in
19232 and, due to its late discovery, the interesting chemistry of hafnium containing
materials has not been investigated as extensively as that of the other group 4 elements.
Unlike titanium and zirconium, the hafnium atom contains a shell of 4f electrons that
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affects its chemical bonding with other atoms, which endows hafnium with a slight edge
in mediating certain types of chemical reactions. The perpetual importance of the nuclear
reactor safety and the fundamental chemistry of inorganic hafnium fluorides motivated us
to perform an exploratory crystal growth in hafnium containing fluoride systems.
To date a small number of ternary hafnium containing fluorides, primarily alkali
hafnium fluorides and some transition metal hafnium fluorides (e.g. Ti0.5Hf0.5F6,
Ag3Hf2F14, VHfF6), have been synthesized and their crystal structures reported in the
literature.3–10 Surprisingly, only a few number of quaternary hafnium containing fluorides
have been deposited in the ICSD database.11–21 Furthermore, no penternary and other
extended series of hafnium containing fluorides have been reported in the literature so far.
Considering the importance of hafnium as an element, the total number of alkali hafnium
fluorides containing transition metals is remarkably relatively low.
The interest in alkali hafnium(IV) fluorides arises from their potential to create
novel structural motifs and to observe specific physical properties when combined with
divalent transition metals.

22–26

For example, the luminescent properties of the hafnium

based alkali fluorides, for e.g. Li2HfF6, Na5Hf2F13,K3HfOF5 and K2Hf3OF12 depend on a
variety of factors including the alkali cation size, the presence or absence of oxygen in the
compound, and the coordination environment of the hafnium atoms.15 In fact, hafnium
chlorides such as Cs2HfCl6 and Rb2HfCl6 exhibit a remarkable structural versatility, are
promising materials for a number of optical applications, and have been shown to exhibit
intrinsic luminescence along with excellent scintillation properties.27–29 Kang and Biswas
have investigated hafnium chlorides and employed quantum chemistry calculations to
demonstrate that the absorption and luminescence processes are highly dependent on the
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[HfCl6]2- charge-transfer transition.25 It is possible that similar processes exist in [HfF6]2units.
In previous studies, the Hf(IV) containing fluorides were mostly synthesized via
solid state routes, from saturated aqueous solutions, and under hydrothermal conditions.
For example, the ternary and quaternary hafnium containing fluorides, such as ScHf3F15,
PdHfF6, Ag7Hf6F31, Cs2Cu3HfF12 and Li2CaHfF8, were obtained via solid state reactions
involving heating the respective binary fluorides in either sealed Pt or Au tubes under dry
Ar gas in a temperature range of 450–800 °C. 13,30–33 The anhydrous K2HfF6 and hydrated
KHfF5·H2O were grown from saturated aqueous solutions containing HfF4 and KF at room
temperature (294 K) in the approximate molar ratios of 1:2 and 1:1, respectively.34 The
ternary alkali hafnium fluorides A2HfF6 (A = Rb, Cs), Na5Hf2F13 and K3HfF7 were
synthesized as high quality single crystals under supercritical hydrothermal conditions at
400–600°C.35
We recently determined that an extensive series of thorium containing fluorides can
be grown in hydrothermal environments as high-quality single crystals.36–38 Although
ThO2 is usually thought of as a very inert and unreactive oxide, the use of concentrated HF
coupled with elevated temperatures of hydrothermal reaction conditions allows ThO2
digestion and results in highly stable thorium fluorides.39 The well-known ability of
hydrofluoric acid to readily digest even the most inert oxides potentially offers a similar
convenient route for studying hafnium fluoride chemistry and also avoids a number of
disadvantages that typically accompany the use of high temperature solid state routes for
fluoride synthesis, such as oxide contamination; this issue is one reason for the scarcity of
hafnium fluorides. Similar to thorium(IV) fluorides, an extended series of hafnium
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containing fluorides can be grown via a mild hydrothermal synthetic route as high quality
single crystals. In this paper, we report on our efforts in using the mild hydrothermal
method

to

prepare

a

new

series

of

transition

metal

hafnium

fluorides,

Cs2[M(H2O)6][Hf2F12] (M= Ni, Co, and Zn), CuHfF6(H2O)4, and quaternary Cs2Hf3Mn3F20
representing a significant increase in the number of known hafnium fluorides. We describe
the synthesis, crystal structures, optical and magnetic properties of this series of
hafnium(IV) containing divalent metal fluorides.
Experimental section
Reagents. CsF (Alfa Aesar, 99.9%), CsCH3COO (Alfa Aesar, 99%), HfO2 (Alfa
Aesar, 99.9%), Co(CH3COO)2·4H2O (Alfa Aesar, 98%), Ni(CH3COO)2·4H2O (Aldrich,
98%), Zn(CH3COO)2·2H2O (Strem, 98%), Cu(CH3COO)2·H2O (Alfa Aesar, 99.9%)
Mn(CH3COO)2·4H2O (Alfa Aesar, 99.9%), and HF (EMD, 49%) were used as received.
Warning! HF should only be handled in a well ventilated space and proper safety
precautions must be used. If contact with the liquid or vapor occurs, proper treatment
procedures should immediately be followed.
Synthesis. Single crystals of the titled compounds were grown using a mild
hydrothermal route. For the preparation of Cs2[M(H2O)6][Hf2F12] (M= Co and Zn), 2 mmol
of HfO2, 4 mmol of CsF, and 1 ml of 49% HF were combined with 1 mmol of
Co(CH3COO)2·4H2O and Zn(CH3COO)2·2H2O, respectively. For the preparation of
Cs2[Ni(H2O)6][Hf2F12], 2 mmol of HfO2, 6 mmol of CsCH3COO, and 1.5 ml of HF were
combined with 1 mmol of Ni(CH3COO)2·4H2O. Similarly, for the preparation of
CuHfF6(H2O)4 and Cs2Hf3Mn3F20, 2 mmol of CsF, 2 mmol of HfO2, and 1 ml of HF were
combined with 1 mmol of Cu(CH3COO)2·H2O and 1 mmol of Mn(CH3COO)2·4H2O,
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respectively. The respective solutions were placed into 23 ml PTFE-lined autoclaves. The
autoclaves were sealed, heated to 200°C at a rate of 5 °C min-1, held at this temperature for
24 hours, and cooled to room temperature at a rate of 6 °C h-1. The mother liquor was
decanted from the single crystal products, which were isolated by filtration and washed
with methanol and acetone. In all cases, the reaction yielded a single phase product
consisting of pink block crystals for Co, colorless plate crystals for Zn, light-green block
crystals for Ni and light blue-green plate crystals for Cu containing materials in nearly
quantitative yield based on HfO2. For Cs2Hf3Mn3F20, colorless block crystals in an
approximately 60% yield were obtained based on HfO2. Reactions with Mg and Cd were
also attempted using a number of different reaction conditions, but no single crystals were
obtained from these reactions. PXRD patterns of the products indicated no impurities
(Figure S1–S4).
Single Crystal X-ray Diffraction. X-ray intensity data sets were collected at
300(2) K on a Bruker D8 QUEST diffractometer equipped with an Incoatec IμS 3.0
microfocus radiation source (Mo Kα, λ = 0.71073 Å) and a PHOTON II area detector. The
crystals were mounted on a microloop with immersion oil. The raw area detector data
frames were reduced and absorption corrections were performed using the SAINT and
SADABS programs.40,41 Initial structure solutions were obtained with SHELXS-2017
using direct methods. Full-matrix least-squares refinements against F2 were performed
with SHELXL software.42 The hydrogen atoms of the water molecules in
Cs2[M(H2O)6][Hf2F12] (M= Ni, Co, and Zn) were located from difference electron map and
were refined with O-H distances restrained to 0.95 Å. All of the structures were checked
for missing symmetry with the Addsym program implemented into PLATON software,
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and no higher symmetry was found.43 Cs2[M(H2O)6][Hf2F12] (M= Ni, Co, and Zn) were
found to be twins; the TwinRotMat algorithm from PLATON software was employed to
find a twin law (-1 0 0 0 -1 0 0.2 0 1), which was used along with MERG 0 and BASF
instructions. All atoms were refined with anisotropic displacement parameters. The four
unique hydrogen atoms in the structure of CuHfF6(H2O)4 were located in difference
Fourier maps and refined freely. The crystallographic data and results of the diffraction
experiments are summarized in Table 3.1.
Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data (Figure 3.13.4) for phase purity confirmation were collected on polycrystalline samples obtained by
grinding single crystals. Data were collected on a Bruker D2 PHASER diffractometer
utilizing Cu Kα radiation. The data were collected over the range from 10 to 65° in 2θ with
a step size of 0.04°.
Energy-Dispersive Spectroscopy (EDS). EDS was performed on product single
crystals using a Tescan Vega-3 SEM equipped with a Thermo EDS attachment. The SEM
was operated in low-vacuum mode. Crystals were mounted on an SEM stud with carbon
tape and analyzed using a 20 KV accelerating voltage and a 30 s accumulating time.
Optical Properties. UV−vis spectra were recorded using a PerkinElmer lambda 35
UV/visible scanning spectrophotometer used in diffuse reflectance mode equipped with an
integrating sphere. Diffuse reflectance spectra were recorded in the 200−900 nm range.
Reflectance data was converted to absorbance by the instrument via the Kubelka−Munk
function.44 All optical measurements were performed on polycrystalline powders obtained
by grinding the product single crystals.
Magnetism. Magnetic susceptibility measurements were performed on a Quantum
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Design MPMS 3 SQUID magnetometer. Field-cooled (FC) and zero-field-cooled (ZFC)
magnetic susceptibility measurements were performed from 2 to 375 K in an applied field
of 0.1 T. The raw data were corrected for radial offset and sample shape effects according
to the method described in the literature.45 All magnetic data were collected on
polycrystalline powders obtained by grinding the product single crystals.

Figure 3.1 Experimental and calculated powder patterns of Cs2[Ni(H2O)6][Hf2F12]
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Figure 3.2 Experimental and calculated powder patterns of Cs2[Co(H2O)6][Hf2F12]
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Figure 3.3 Experimental and calculated powder patterns of Cs2Hf3Mn3F20
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Figure 3.4 Experimental and calculated powder patterns of CuHfF6(H2O)

62

Table 3.1 Crystallographic data for Cs2[M(H2O)6][Hf2F12] (M = Co, Ni, and Zn),
CuHfF6(H2O)4 and Cs2Hf3Mn3F20.

Formula
weight
Crystal
system
Space group,
Z
a, Å
b, Å
c, Å
β, deg
V, Å3
ρcalcd, g/cm3
Radiation (λ,
Å)
µ, mm–1
T, K
Crystal
dim.,mm3
2θ range, deg.
Reflections
collected
Data/restraint
s/parameters
Rint
Goodness of
fit
R1(I > 2σ(I))
wR2 (all data)

Cs2[Co(H2O)6][
Hf2F12]

Cs2[Ni(H2O)6][
Hf2F12]

Cs2[Zn(H2O)6][Hf2
F12]

CuHfF6(H2
O)4

Cs2Hf3Mn3
F20

1017.83

1017.61

1024.27

428.09

1346.11

monoclinic

monoclinic

monoclinic

monoclinic

orthorhombic

P21/n, 2

P21/n, 2

P21/n, 2

P21/c, 2

Pmmn, 2

6.9622 (2)
10.4791 (2)
11.7439 (3)
94.0760 (10)
854.64 (4)
3.955

6.9515 (2)
10.4517 (3)
11.6772 (3)
93.4362 (10)
846.88 (4)
3.991

5.6519(3)
10.0291(6)
7.5345(4)
103.824(2)
414.71(4)

8.2393(4)
15.5640(6)
6.6443(3)
90
852.04(7)
5.247

17.409

17.700

15.155

24.752

0.14´0.04´0.03

0.14´0.04x0.03

17.856
300 (2)
0.20´0.04´0.03

3.30 – 36.39
86563

2.62 – 35.50
28685

3.32 – 36.28
62956

0.080´0.080´
0.05
3.45 – 35.06
20024

0.08´0.06´0.
04
2.80 – 29.75
5709

86563/6/133

28685/6/132

62956 /6/131

1827/0/75

1173/0/86

0.0414
1.044

0.0445
1.030

0.0343
1.027

0.0291
1.064

0.0281
1.031

0.0348
0.0842

0.0309
0.0826

0.0259
0.0654

0.0136
0.0290

0.0194
0.0488

6.9534 (2)
10.4837 (3)
11.7386 (3)
93.6701 (10)
853.96 (4)
3.983
MoKα (0.71073)
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Results and Discussion
Synthesis.

We utilized a mild hydrothermal technique at the relatively low

temperature of 200 °C to synthesize a series of novel hafnium(IV) containing fluorides,
Cs2[M(H2O)6][Hf2F12] (M = Ni, Co, and Zn), CuHfF6(H2O)4 and Cs2Hf3Mn3F20. The
conditions were optimized with respect to the molar ratios of the reactants, especially for
the Cs precursor, to obtain phase pure samples. Despite the similar sizes of the divalent
cations in the studied series, Ni, Co, Zn and Cu containing compounds crystallize as
hydrates, while the Mn-containing compound forms as an anhydrous fluoride. All attempts
to obtain a hydrated Mn analog were unsuccessful, and simply resulted in the formation of
Cs2Hf3Mn3F20 crystals.
HfO2 is known to be inert and unreactive toward many acids and bases. The use of
hydrofluoric acid achieves digestion of HfO2 and thus enables its participation in the
formation of fluoride compounds. In these reactions hydrofluoric acid plays the role of both
a mineralizer and a fluorine source46 that dissolve the starting materials and stabilize both
the tetravalent hafnium and divalent transition metal ions in a fluoride matrix. During the
preparation of Cs2[Ni(H2O)6][Hf2F12], we found that the use of CsCH3COO as a starting
material at a low molar concentration results in the previously reported HfNiF6(H2O)6
phase as the major product.47 The reaction outcome can be shifted toward the target phase
by using a three-fold molar excess of CsCH3COO, which results in a phase pure sample of
Cs2[Ni(H2O)6][Hf2F12]. Interestingly, using copper acetate as a starting material and
different molar ratios of cesium under similar reaction conditions yielded a different
compound with the composition CuHfF6(H2O)4. Although the compound has been reported
in the literature48 its crystal structure has not been deposited to ICSD. All of the products
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were obtained as high-quality single crystals in an essentially quantitative yield. The
crystals of the hydrated phases are water-soluble, but can be stored in air for at least one
month.
Structure Description
Cs2[M(H2O)6][Hf2F12] (M= Ni, Co and Zn). All three Cs2[M(H2O)6][Hf2F12] (M=
Ni, Co, and Zn) compounds are isostructural and exhibit only minor differences in their
unit cell parameters, bond lengths, and bond angles. These compounds crystallize in the
monoclinic space group P21/n and the asymmetric unit contains one crystallographically
unique hafnium, one cesium, one divalent metal, six fluorine, three oxygen, and six
hydrogen atoms. The crystal structure is constructed of edge-sharing hafnium dimers
(Figure 3.5a) linked to the metal octahedra (Figure 3.5b) through hydrogen-bonding. Large
pores in the structure contain the cesium cations, which connect the metal building units
into a three dimensional structure (Figure 3.5c,d). The unit cell volumes in this isostructural
series changes accordingly to the size of the divalent cation, i.e. the unit cell volume
increases from 846.88(4) Å3 for the Ni analog (r(Ni2+) = 0.69 Å) to 854.64(4) and 853.96(4)
Å3 for Zn (0.74 Å) and Co (0.745 Å), respectively.49
The single unique hafnium site in the structure forms a HfF7 coordination
polyhedron in the shape of a pentagonal bipyramid. The two axial bonds of the bipyramid
are slightly shorter, 1.956(4)–1.978(4) Å, than the five equatorial bonds, 2.027(4)–2.157(3)
Å. Two HfF7 polyhedra share an edge to form the hafnium dimer shown in Figure 1a. The
metal cations M2+ = Co2+, Ni2+, and Zn2+ form almost regular octahedra with M–O bond
lengths of 2.067(5)–2.125(4), 2.052(5)–2.062(4), and 2.093(4)–2.099(4) Å, respectively,
and the O–M–O angles are within a narrow range of 88.29(19)–91.71(19)°. The [Hf2F12]4–
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dimers and [M(H2O)6]2+ octahedra are held together by moderate hydrogen bonds between
the water molecules of the octahedral complexes and the fluorine atoms of the dimers. Each
dimer links to six different octahedra and vice versa, resulting in a hydrogen-bonded
framework with a primitive cubic (pcu) topology.

(a)

(b)

(c)
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(d)
Figure 3.5 Crystal structure of Cs2[M(H2O)6][Hf2F12] (M = Ni, Co, and Zn) (a)
Illustration of edge-sharing dimer of HfF7 polyhedra, (b) metal ions (M = Ni, Co, and Zn)
octahedron, and (c, d) a view of Cs2[M(H2O)6][Hf2F12] (M = Ni, Co, and Zn) structure
along the c and a axes, respectively. The hafnium, cesium, M (M = Ni, Co, and Zn),
oxygen, and fluorine atoms are shown in light grey, pink, deep blue, red, and green,
respectively.
CuHfF6(H2O)4. The compound crystallizes in the monoclinic P21/c space group, which
was uniquely determined by the pattern of systematic absences in the intensity data and
confirmed by structure solution. The compound is isostructural with the zirconium analog,
CuZrF6(H2O)4.50 The asymmetric unit consists of one Cu atom, one Hf atom, three fluorine
atoms, two oxygen atoms of water molecules, and four hydrogen atoms. The structure is a
framework consisting of 1D chains of Cu(H2O)4 units alternating with HfF6 octahedra,
which are further connected by hydrogen bonding interactions between the hydrogen atoms
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of the metal complex [M(H2O)4]2+ and the fluoride ions of the hafnium site [HfF6]2-,
resulting in the three dimensional structure shown in Figure 3.6.
The hafnium site forms a HfF6 coordination polyhedron in the shape of an octahedra
with Hf–F bonds ranging from 1.9772(11) to 2.0090(11) Å. The HfF6 octahedra are linked
to neighboring copper units through a Cu–F bond in an alternating fashion to form a 1D
chain along the c axis. The Cu2+ cations are located in nearly regular octahedra with Cu–O
bond lengths ranging from 1.9665(14) to 1.9724(13) Å and a Cu–F bond length of
2.2429(11) Å. The 1D chains are further linked to each other by O–H···F hydrogen bonds
to form a three dimensional structure.

Figure 3.6 Crystal structure of CuHfF6(H2O)4. Illustration of the three dimensional
crystal structure of CuHfF6(H2O)4 along the a axis. The hafnium, copper, oxygen, and
fluorine atoms are shown in light grey, deep blue, red, and green respectively.
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Cs2Hf3Mn3F20. Cs2Hf3Mn3F20 crystallizes in the orthorhombic space group Pmmn
and its asymmetric unit contains one Cs, two Hf, two Mn and ten F sites. The structure is
a framework that consists of corner- and edge-sharing hafnium and manganese polyhedra
that create channels in which the cesium cations are located. Both unique hafnium sites
form HfF7 coordination polyhedra, (Figure 3.7a), in the shape of an almost regular
pentagonal bipyramid with Hf–F bonds ranging from 1.988(4) to 2.241(4) Å. In both
Hf(1)F7 and Hf(2)F7 bipyramids, the axial bonds are slightly shorter than the equatorial
ones. Hf(1) site has C2V site symmetry, while Hf(2) sites are located at a mirror plane.
Unlike the Hf1 site, which shares corners and edges exclusively with the manganese
polyhedra, Hf(2) polyhedra share one corner with each other to form a dimer, (Figure 3.7b),
with a parallel alignment of the equatorial planes. There are two crystallographically
unique manganese atoms present in the structure. Mn(1) atoms form an uncommon
Mn(1)F7 pentagonal bipyramid, which previously were observed in only five inorganic
manganese fluorides, CrMnF5, NaBa(Mn3F11), Mn(BF4)2, RbMnZrF7, and TlMnZrF7,51–54
whereas Mn(2) exhibits a more typical distorted octahedral environment (Figure 3.7c, d).
As expected, the Mn–F bond lengths in the pentagonal bipyramids are slightly elongated
as compared to the octahedral sites, 2.120(3)–2.260(3) vs. 2.066(3)–2.139(4) Å,
respectively. Despite this difference, the volumes of the manganese atoms’ Voronoi
polyhedra are almost the same, 9.53 and 9.27 Å3 for Mn1 and Mn2, respectively.55 Mn(1)F7
polyhedra share three corners and two edges with five hafnium atoms, whereas Mn(2)F6
octahedra corner shares all six fluorine atoms. The equatorial planes of all four unique
metal atom sites are arranged in parallel, resulting in pseudo-layers in the bc plane, shown
in Figure 4a. The layers are linked to each other through the axial F atoms, which
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consecutively connect alternating Mn and Hf atoms from different layers into the 3D
framework shown in Figure 3e. The cesium cations reside in the framework channels,
which run along the a axis, and form multiple interactions with the F atoms. The underlying
net of the framework has a btu topology according to the classification performed with
TOPOS software.56
The flat pseudolayers in the structure of Cs2Hf3Mn3F20 closely resemble the
structure of NaHf2VF11,4 which consists of one Hf and one V site. In both structures, the
layers are composed of MnHfF8 or Hf2F8 edge-sharing dimers, which are connected into
chains by corner sharing (Figure 3.8). In both cases, the chains are linked together by either
HfF7 and MnF6 or VF6 polyhedra for Cs2Hf3Mn3F20 and NaHf2VF11, respectively. It is
interesting that the interchain V and Mn atoms adopt an octahedral environment, unlike the
interchain Hf atoms that manifest their larger size in a tendency to take on a higher
coordination number. The resultant HfF7 pentagonal bipyramids that draw an additional
fluorine atom to their equatorial plane from the pentagonal bipyramidal manganese atoms,
causing a slight distortion of otherwise linear M-F-M fragment. Unlike Hf, the V atoms
form a preferable octahedral environment by corner sharing with the polyhedra from the
chains. In Cs2Hf3Mn3F20, the pseudolayers stack one on another by corner sharing the axial
fluorine atoms, whereas in NaHf2VF11 the layers are shifted one along another in the
direction perpendicular to the dimer chains. Close resemblance of the layers coupled with
the structural diversity stemming from the size of the cations suggests additional synthetic
directions using the concept of compositional design of new magnetic materials.
UV-Vis Diffuse Reflectance Spectroscopy. UV-Vis diffuse reflectance data were
collected on ground crystals of the reported materials, Cs2[M(H2O)6][Hf2F12] (M = Ni and
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Co), CuHfF6(H2O)4 and Cs2Hf3Mn3F20. The normalized UV-vis spectra for these
compounds (Figure 3.9) exhibit absorption bands due to the d-d electronic transitions in
the divalent metal ions interpreted by the Tanabe-Sugano diagram.57 The cobalt analog
shows weak absorption peaks at 258 and 296 nm, along with a broad intense absorption
band at 511 nm, which were attributed to 3T2g (F), 3A2g (F) and 3T1g (P) transitions from
the 3T1g ground state. Similarly, the nickel analog displays three broad absorption bands at
398, 653, and 721 nm, which are due to transitions from the 3A2g ground state to 3T1g (F),
3

T2g (F) and 3T1g (P) excited states. In the case of Cs2Hf3Mn3F20, the optical absorption

spectra of Mn2+ ions have spin forbidden transitions, and only one weak absorption band
is observed around 390 nm. The copper-containing sample displays an intense broad
absorbance with a maximum at 621 nm due to 2Eg to 2T2g transition in the Cu2+ cation.
Magnetic Properties. The magnetic susceptibility data for the hafnium fluorides
with magnetic ions, Cs2[M(H2O)6][Hf2F12] (M = Ni and Co), Cs2Hf3Mn3F20, and
CuHfF6(H2O)4, were collected over the temperature range of 2–375 K, as shown in Figure
(3.10–3.13). All four compounds follow a Curie-Weiss law between 100 and 375 K. The
inverse susceptibility data range were fitted to derive the effective magnetic moments and
the Weiss constants; the data are summarized in Table 3.2 along with the expected values
that were calculated for the free ions.
The effective magnetic moments for Mn, Ni, and Cu containing compounds are 6.21, 3.28,
and 1.98 µB, respectively, all slightly higher than the calculated values for free ions, 5.92,
2.83, and 1.73 µB. Both overlapping zero-field and field cooled magnetic susceptibility
curves (Figure 3.14 and 3.15) for Cs2[Ni(H2O)6][Hf2F12] exhibit a small kink at 68-71 K,
which might be indicative of a magnetic transition in the target phase or the presence of a
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Figure 3.7 Crystal structure of Cs2Hf3Mn3F20. (a) Illustration of a Hf(1)F7 coordination
polyhedron, (b) a Hf(2)F7 corner-sharing dimer of, (c) Mn(1)F7 trigonal bipyramid, (d)
Mn(2)F6 octahedron, and (e) a view of the 3D structure of Cs2Hf3Mn3F20 along the c axis.
The hafnium, cesium, manganese, and fluorine atoms are shown in light grey, pink, deep
blue, and green, respectively.
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Figure 3.8 A view of flat pseudolayers in the structures of (a) Cs2Hf3Mn3F20 and (b)
NaHf2VF11. The hafnium, manganese, and vanadium atoms are shown in light grey, blue,
and brown respectively.
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(a)

(b)

(c)

Figure 3.9 UV-Vis spectra of (a) Cs2[M(H2O)6][Hf2F12] (M= Ni and Co) and (b)
Cs2Hf3Mn3F20 and (c) CuHfF6(H2O)4
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magnetic impurity. One possible source of a magnetic impurity is nickel fluoride, which
undergoes an antiferromagnetic transition at ~69 K and which falls precisely into the range
of the observed transition. The Curie-Weiss law fit for Cs2[Co(H2O)6][Hf2F12] yields a
moment of 4.78 µB that is significantly higher than the calculated value for a free ion, 3.87
µB. It nonetheless falls into the known range of experimentally observed moments,
suggesting the presence of spin-orbit coupling to result in the higher moment.
Table 3.2 Curie – Weiss Constants and Effective magnetic moments for the hafnium
fluorides
Compound
Cs2[Ni(H2O)6][Hf2F12]
Cs2[Co(H2O)6][Hf2F12]
Cs2Hf3Mn3F20
CuHfF6(H2O)4

θ (K)
-2.6
-9.4
-4.9
-3.4

μeff/μB
3.28
4.78
6.21
1.98

μcalc/μB
2.83
3.87
5.92
1.73

Conclusion
In this paper we described the synthesis and characterization of a new series of hafnium(IV)
containing fluorides Cs2[M(H2O)6][Hf2F12] (M= Ni, Co, and Zn), CuHfF6(H2O)4, and
Cs2Hf3Mn3F20. A mild hydrothermal synthetic route was employed for the synthesis and
resulted in three different compositions. The compounds Cs2[M(H2O)6][Hf2F12] (M= Ni,
Co, and Zn) and Cs2Hf3Mn3F20 exhibit a complex three-dimensional crystal structure, in
which the Hf4+ cation is found in a seven-fold coordination environment, forming a
hafnium dimer. UV-vis data are consistent with the +2 oxidation state for the divalent metal
ions in Cs2[M(H2O)6][Hf2F12] (M= Ni and Co), CuHfF6(H2O)4, and Cs2Hf3Mn3F20.
Magnetic susceptibility measurements for the compounds containing Ni2+, Co2+ Cu2+, and
Mn2+ ions exhibit paramagnetic behavior. All phases show an effective magnetic moment
that is slightly higher than the calculated ones, although they fall into a range of
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Figure 3.10 Magnetic susceptibility and inverse susceptibility plot of
Cs2[Ni(H2O)6][Hf2F12]. Data were collected in a ZFC measurement with a 0.1 T applied
magnetic field and are shown in the range from 2 to 375 K.
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Figure 3.11 Magnetic susceptibility and inverse susceptibility
plot of
Cs2[Co(H2O)6][Hf2F12]. Data were collected in a ZFC measurement with a 0.1 T applied
magnetic field and are shown in the range from 2 to 375 K.
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Figure 3.12 Magnetic susceptibility and inverse susceptibility plot of CuHfF6(H2O)4 . Data
were collected in a ZFC measurement with a 0.1 T applied magnetic field and are shown
in the range from 2 to 375 K.
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Figure 3.13 Magnetic susceptibility and inverse susceptibility plot of Cs2Hf3Mn3F20. Data
were collected in a ZFC measurement with a 0.1 T applied magnetic field and are shown
in the range from 2 to 375 K.
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Figure 3.14 Overlapping zero-field and field cooled magnetic susceptibility curves of
Cs2[Ni(H2O)6][Hf2F12]
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Figure 3.15 Overlapping zero-field and field cooled magnetic susceptibility curves of
Cs2[Co(H2O)6][Hf2F12]
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experimentally observed magnetic moments. A possible explanation for the magnetic
moment in Cs2Hf3Mn3F20 phase is the potential presence of a two different coordination
environment of magnetic manganese atoms and its substantial number per formula unit.
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INVESTIGATION OF SYNTHESIS, STRUCTURE AND PROPERTIES OF NEW
TRANSITION METAL AND LANTHANIDE BASED OXIDE-HALIDES
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CHAPTER 42

BaWO2F4: A MIXED ANION X-RAY SCINTILLATOR WITH EXCELLENT
PHOTOLUMINESCENCE QUANTUM EFFICIENCY4

4

Adapted with permission from Ayer, G. B.; Klepov , V. V.; Smith, M. D.; Hu, M.;
Yang, Z.; Martin, C. R.; Morrison, G.; zur Loye. H.-C. Dalton Trans. 2020, 49, 1073410739. © 2020 Royal Society Of Chemistry
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Abstract
A new self-activated X-ray scintillator, BaWO2F4, with an excellent
photoluminescence quantum efficiency is reported. Hydrothermally grown single crystals,
space group P2/n, exhibit a 3D framework structure containing isolated WO2F4 octahedra.
BaWO2F4 exhibits green emission under UV light with a high quantum yield of 53% and
scintillates when exposed to X-rays(Cu).
Introduction
Scintillators, materials that emit light when struck by high energy particles or
photons, are essential for medical imaging and radiation detection, including X-rays and
$-rays, and are, therefore, important materials in the field of high-energy physics,1 nuclear
power,2 positron emission tomography (PET),3 computer tomography (CT) scanners,4
medical imaging,5 and more recently in homeland security for the prevention of nuclear
and radiological terrorism. One prospective new class of scintillating materials are
oxyhalides, in which the mixed oxide-halide environment of a scintillating cation
significantly enhances its luminosity.6 Different classes of scintillating materials are known
and include a wide variety of doped inorganic materials,7-13 One class of materials, to which
the title compound BaWO2F4 belongs, are the self-activated scintillators that possess
luminescent centers that are intrinsic to the structure.14−17
Materials that are self-activated include those belonging to the scheelite
(CaWO4) and wolframite-type MWO4 (M = Mg, Zn, and Cd) family, that are known
to be stable and that have been used in X-ray intensifying screens and scintillators.18
Perhaps the best known member, CaWO4, displays blue emission and quantum yield
of 70 % with an intense peak around 420 nm.19 This unique optical behavior is
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believed to arise from the HOMO-LUMO transition in hexavalent tungstate ions
(WO42-). Due to their impact on the band gap levels, the presence of mixed anions
(oxide-halide) in the structure can also play a crucial role in enhancing the intensity
of luminescence and, furthermore, increase the scintillation efficiency. This
reasoning is borne out in the rare earth halo-tungstates, such as La3WO3Cl6,
LaWO4Cl, and

GdWO4Cl, that exhibit stronger luminescence than

the

corresponding halogen free tungstates.20−22 Similarly, mixed oxide fluoride
materials, such as Cs3RESi4O10F2 (RE = Y, Eu – Lu),6 have recently been reported
to be intense scintillators, and it was shown that the presence of fluorine in the
structure can increase the luminescence efficiency compared to the pure oxide
compositions, such as Eu9.34(SiO4)6O2 and NaEu9(SiO4)6O2.23 Also, Toradi and
Brixner investigated the compound, Ba2WO3F4,24 which was reported to be an
excellent X-ray scintillator, in contrast to BaWO4, which does not scintillate at all.
We explored the synthesis of mixed oxide-fluoride tungstates by employing
a HF based mild hydrothermal route resulting in single crystals of the monoclinic
title compound BaWO2F4. An orthorhombic polymorph of this compound had
previously been reported as a polycrystalline powder that exhibited yellow
luminescence under short wavelength UV-light. 25 The HF based mild hydrothermal
route has been widely used for the crystal growth of both transition metal as well as
rare earth metal fluorides and mixed oxide-fluorides.26−32 In this method,
hydrofluoric acid is used as the solvent, plays the role of a mineralizer, and acts as
a fluorine source. A typical hydrothermal reaction to synthesize BaWO2F4 used
Ba(CH3COO)2, WO3, HCl and HF as the starting reagents. Heating the reagents in
an autoclave to 160°C, holding at 160 e for 24 hours and slow cooling to room
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temperature resulted in a mixed phase product consisting of colorless rod crystals of
BaWO2F4 in an approximately 30 % yield along with BaClF powder as an impurity.
The impurity could be removed by sonication in acetone followed by decanting. As
this initial HF based mild hydrothermal route did not result in a phase pure product
and only in low yield, we developed a two-step process to generate larger quantities
of pure BaWO2F4. Specifically, creating freshly precipitated BaWO4 and reacting it
with HF under hydrothermal conditions results in the formation of phase pure
BaWO2F4.

It is important to note that the transformation of the oxide to the

oxyfluoride involves the conversion of the WO42- tetrahedra in BaWO4 into the
WO2F42- octahedra in BaWO2F4. This change in composition and coordination
environment around the tungsten leads to bright luminescence and scintillation that
is not observed in BaWO4.
BaWO2F4 crystallizes in the monoclinic space group P2/n and its asymmetric
unit contains two Ba, two W, four O and eight F sites. The structure is a framework
that consists of WO2F4 octahedra isolated from each other by Ba cations. The O
atoms are cis in the WO2F4 octahedron, similar to those found in the related
Na2WO2F4 composition.33 The tungsten in BaWO2F4 is located in a WO2F4
coordination environment with C2v symmetry in the shape of an octahedron (Figure
4.1a). The two equatorial W-O bonds of both the tungsten sites are slightly shorter,
1.703(5)–1.743(5) Å, than the two axial W-F bonds, 1.885(4)–1.953(4) Å and the
two equatorial W-F bonds, 2.042(4)–2.083(4) Å. The O–W–O angles of the
octahedron fall within a narrow range of 103.5(3)–104.1(3)° and the F–W–F angles
lie within the range of 74.38(16)–166.6(2)°, forming a cis-[WO2F4]2- distortion that
contributes to the luminescence of the material vide infra. The distorted tungsten
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octahedra are separated from each other and are arranged along the a-axis (Figure
4.1b). The large voids in the structure are occupied by the barium cations, which
connect the isolated tungsten octahedral units into a three dimensional framework
structure (Figure 4.1c).

(a)

(b)

(c)
Figure 4.1 Structure of BaWO2F4 (a) Illustration of a WO2F4 octahedron. (b and c) A
view of BaWO2F4 structure along the c and b axes respectively. The tungsten, barium,
oxygen, and fluorine atoms are shown in light blue, pink, red, and green, respectively.
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The excitation and emission spectra of BaWO2F4 measured at 300 K are
shown in Figure 4.2. When excited at 286 nm, the emission spectrum displays a
broad peak centered at ~520 nm, which lies in the green region of the visual
spectrum 492–575 nm. Exposing ground crystals to X-rays results in intense green
scintillation as shown in Figure 4.3.
The key reason for the intense luminescence and scintillation of this
compound, relative to BaWO4, is due to the structural and compositional difference
of the tungsten luminescent center, a distorted WO2F4 octahedron in BaWO2F4 and
regular WO4 tetrahedron in BaWO4. The intrinsic luminescence of scheelite-type
tungstates, MWO4 (M = Ca, Ba, and Pb), is usually attributed to excitons, located
on the WO4 tetrahedra, that can migrate through the crystal lattice.34

Figure 4.2 Luminescence spectra for BaWO2F4
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Figure 4.3 Optical image of BaWO2F4 (left) Optical image of ground crystals of
BaWO2F4 in the absence of X-rays and (right) optical image of scintillating ground crystals
when exposed to X-rays.
To better understand the difference in the photoluminescence in BaWO2F4 and
BaWO4, DFT calculations were performed, since, this method has been widely employed
to better understand the structure-property relationships for various optical materials.35-37
One important result of the DFT calculations (vide infra) is the fact that the fluorine
strongly interacts with the tungsten via orbital overlap and hybridization between the W5d
level and the F2p level in the -5–0 eV energy range at the top of the valence band, resulting
in a distorted WO2F4 octahedron. Hence, fluorine plays a key structural role that influences
the luminescence and scintillating behavior of BaWO2F4.
The photoelectric properties of materials are mainly characterized by the
dielectric function, the refractive coefficient, the absorption coefficient, and these
optical constants are determined by the band structure, carrier concentration, and
mobility near the Fermi surface. Therefore, we calculate the band structure of
BaWO4 and found that it is a direct bandgap material with the valence-band maxima
and conduction-band minima both located at the Γ point (Figure 4.4a). The
calculated value of the bandgap energy (Eg) for BaWO4 of 4.5862 eV is in excellent
agreement with a previous study.38 Compared with BaWO4, the Eg of BaWO2F4 is
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reduced to 1.2962 eV, due to the presence of isolated bands that result from the
splitting of the conduction band (Figure 4.4b). This split energy band is mainly W
5s in nature and significantly reduces the bandgap (Figure 4.5b).
Figure 4.5 shows the total density of states (TDOS) and partial density of
states (PDOS) of BaWO4 and BaWO2F4. As can be seen in Figure 4.5a, there exists
a large gap between the valence and conduction bands, which is consistent with the
band structure of BaWO4 in Figure 4.4a. For the TDOS and PDOS of BaWO2F4
(Figure 4.5b), the W 5d level forms the lower conduction band, since W is more
electronegative than Ba and the upper conduction bands are composed by the more
electropositive Ba 6d level. On the other hand, the valence bands are dominated by
filled 2p levels belonging to the mixed anion (oxygen/fluorine) sites. It is worth
highlighting that in comparison with BaWO4, a new TDOS peak of BaWO2F4
appears at the bottom of the conduction band, the result of the band splitting
mentioned above. This new peak is attributed to the W 5s levels, which is not
observed in BaWO4, and is essential for the observed luminescence and scintillation.

Figure 4.4 Band structure of (a) BaWO4 and (b) BaWO2F4 with bandgap labeled.
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Figure 4.5 Total density of states and partial density of states of (a) BaWO4 and (b)
BaWO2F4.
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The observed conduction band splitting is not unusual and, in fact, exists in
other compounds where it is known to impact luminescent behavior.39 In addition,
the large W-W bond distance (6.520 Å), shown in Figure S3b, reduces the orbital
overlap resulting in narrow bands that can stabilize self-trapped excitons (STEs) and
promote strong exciton emission at room temperature. By comparison, the
luminescence mechanism in the inorganic perovskite halides is governed by selftrapped excitons (STEs), which are strongly localized at the isolated metal halide
octahedra.40,41 In such compounds, the strong spatial localization and the absence of
electron trapping processes favors radiative recombination, resulting in the highly
localized Frenkel-like excitons rather than Wannier-Mott type excitons.40
Furthermore, in tungsten based mixed anion compound, K3WO3F3, the distorted
WO3F3 octahedron plays an important role in trapping localized charge carriers,
which forms many low energy excitonic bands or self-trapped excitons (STEs).42
Hence, one can postulate that the visible emission in BaWO2F4 is due to the
formation of self-trapped excitons (STEs) at the excitonic or polaronic levels within
the forbidden gap, that is responsible for the luminescence and scintillation of the
compound (Figure 4.6).

Figure 4.6 A simplified illustration of the hypothetical process of photoluminescence in
BaWO2F4.
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The thermal behavior of BaWO2F4 was studied using thermogravimetric
analysis (TGA) up to 1200 °C under an oxygen gas flow (Figure 4.7). The TGA data
indicate that a slight weight loss, likely due to absorbed moisture, takes place at low
temperatures. Above 400 °C the sample undergoes a larger weight loss due to
thermal decomposition. Heating the material in air above 400 °C resulted in the
formation of BaWO4, Figure 4.11, which indicates that BaWO2F4 oxidizes on
heating in air with the release of four molecules of hydrofluoric acid.

Figure 4.7 Thermogravimetric analysis diagram for BaWO2F4
Experimental section
Synthesis. Single crystals of the titled compound, BaWO2F4, were grown by a mild
hydrothermal synthetic route. Ba(CH3COO)2 (1 mmol), WO3 (1 mmol), 0.5 ml of HCl and
1 ml of HF were added into a 23 ml PTFE liner. The PTFE liner was then placed in to
stainless steel autoclave which was sealed, heated to 160 °C at a rate of 5 °C min-1, held at
this temperature for 24 hours, and cooled to room temperature at a rate of 6 °C h-1. The
mother liquor was decanted from the single crystal products, which were further isolated
by filtration and washed with water and acetone. This reaction lead to a mixed phase
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product consisting of colorless rod crystals along with few powder of BaClF as an impurity.
The impurity was removed by sonication in acetone followed by the decantation process.
Characterization
Single Crystal X-ray diffraction. Crystals formed as large stubby colorless rods.
As-grown, uncleaved crystals gave very broad diffraction peaks with multiple maxima and
strong diffuse streaking between Bragg spots. Several crystals were examined. Eventually
a small platelike shard of dimensions 0.01 x 0.02 x 0.04 was used for data collection. Xray intensity data were collected at 301(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON 100 CMOS area detector and an Incoatec microfocus source
(Mo Kα radiation, λ = 0.71073 Å).1 The data collection covered 99.5% of reciprocal space
to 2θmax = 67.5º, with an average reflection redundancy of 7.4 and Rint = 0.043 after
absorption correction. The raw area detector data frames were reduced and corrected for
absorption effects using the SAINT+ and SADABS programs.1,2 Final unit cell parameters
were determined by least-squares refinement of 9875 reflections taken from the data set.
3a

An initial structural model was obtained with SHELXT. Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
3b

SHELXL-2018 using the ShelXle interface.4
The compound crystallizes in the monoclinic system. The space groups Pn and P2/n
were consistent with the pattern of systematic absences in the intensity data. The
centrosymmetric space group P2/n was confirmed by structure solution. The asymmetric
unit consists of two tungsten atoms, two barium atoms, eight fluorine atoms and four
oxygen atoms. All atoms are all located on positions of general crystallographic symmetry
(site 4g). All atoms were refined with anisotropic displacement parameters. A minor
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contribution from a twin domain related by pseudo-merohedry was identified in the latter
refinement stages. This was suggested from the relatively low R(int) value of of 0.31 for a
C-centered orthorhombic cell (a = 19.43 Å, b = 20.41 Å, c = 5.03 Å, V = 1995 Å3) output
by XPREP. Such twinning is not uncommon in monoclinic crystal with a ~ c. The derived
twin law is (0 0 -1 / 0 -1 0 / -1 0 0), a two-fold axis parallel to the crystallographic [-101]
direction, exchanging the monoclinic a and c axes. Including twinning in the refinement
lowered the final residuals from R1/wR2 = 0.036/0.085 to 0.030/0.069 and improved the
residual electron density from +7.61 / -3.49 to +6.65 / -2.91 e-/Å3. The minor twin domain
fraction refined to 0.0174(4). The largest residual electron density peak and hole in the
final difference map are both located < 0.7 Å W1.
The crystallographic characteristics and results of the diffraction experiments are
summarized in Table 4.1.
Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data for phase
purity confirmation were collected on polycrystalline samples obtained by grinding single
crystals. Data were collected on a Bruker D2 PHASER diffractometer utilizing Cu Kα
radiation. The data were collected over the range from 10 to 80° in 2θ with a step size of
0.02°. Rietveld analysis pattern for XRD data of BaWO2F4, is shown in Figure 4.8.
Energy-Dispersive Spectroscopy. A scanning electron micrograph of a single
crystal of BaWO2F4 was obtained using a Tescan Vega-3 SEM instrument equipped with
a Thermo EDS attachment (Figure 2.9). The SEM was operated in low vacuum mode. The
crystal was mounted on an SEM stub with carbon tape and analyzed using a 20 kV
accelerating voltage and an 80 s accumulating time. The results of EDS confirm the
presence of elements found by single-crystal X-ray diffraction (Table 4.2).
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Table 4.1 Crystallographic data for BaWO2F4
BaWO2F4
Formula weight
Crystal system
Space group, Z
a, Å
b, Å
c, Å
β, deg
V, Å3
ρcalcd, g/cm3
Radiation (λ, Å)
µ, mm–1
T, K
Crystal dim.,mm3
2θ range, deg.
Reflections
collected
Data/restraints/
parameters
Rint
Goodness of fit
R1(I > 2σ(I))
wR2 (all data)

429.19
Monoclinic
P2/n
14.0464(8)
5.0318(3)
14.1297(8)
92.811(3)
997.47(10)
5.716
MoKα (0.71073)
30.895
300(2)
0.010´0.020´0.040
2.886 - 33.680
32174
3974/0/146
0.0432
1.092
0.0298
0.0694
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Figure 4.8 Whole pattern fitting of the BaWO2F4. PXRD pattern using Le Bail method.
The star (*) denotes an unidentified impurity. The solid black and red lines denote the
observed and calculated pattern respectively. The short blue lines show the Bragg position
and the green solid lines are the difference between the observed and calculated intensities.
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Figure 4.9 Single crystal SEM image of BaWO2F4
Table 4.2 EDS results of BaWO2F4

BaWO2F4
Element

Atom %

Ba

12.69

W

11.01

O

23.99

F

52.31

Optical properties. Fluorescence data was collected on ground samples of
BaWO2F4 single crystals using a PerkinElmer LS55 luminescence spectrometer. Excitation
spectra was collected at emission wavelength of 520 nm and emission scan was collected
at excitation wavelength of 286 nm.
Scintillation image of BaWO2F4 was taken using a Rigaku Ultima IV diffractometer
equipped with a Cu Kα source (λ = 1.54018 Å).
Quantum yield measurements were collected on an Edinburgh Instruments FS5
fluorescence spectrometer using the SC-30 Integration Sphere Module, equipped with a
150 W Continuous Wave Xenon Lamp source for excitation. Solid samples were placed
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on a polytetrafluoroethylene (PTFE) solid-state sample holder that was loaded into the
integration sphere.
All first-principles calculations are performed based on density functional theory
(DFT) using the projector augmented wave (PAW) method as implemented in the Vienna
ab initio simulation package (VASP). The Perdew-Burke-Ernzerhof (PBE) of the
generalized gradient approximation (GGA) is chosen as the exchange-correlation
functional, and the kinetic energy cutoff of the wave functions is set as 600 eV. All
geometries are fully optimized until the energy convergence threshold is smaller than 10-5
eV and the maximal Hellmann-Feynman force is smaller than 10-3 eV/Å.
The optimized atomic structure of BaWO4 and BaWO2F4 is shown in Figure 4.10 .
After structure optimization, the W-W bond distance of BaWO4 is 5.707 Å. For BaWO2F4,
the corresponding bond distance is extended to 6.520 Å which reduces the orbital overlap
resulting in narrow bands that can stabilize the self-trapped excitons and promote strong
exciton emission at room temperature.

Figure 4.10 Optimized atomic structure of (a) BaWO4 and (b) BaWO2F4. Color coding:
green, Ba; gray, W; light blue, F; red, O.
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Thermal Analyses. Thermogravimetric analyses was performed using a
PerkinElmer Pyris 1 TGA system by heating the sample at a rate of 10 °C/min under
flowing O2 gas up to a temperature of 1200 °C. The thermal products were analyzed by
PXRD.

Figure 4.11 Powder X-ray diffraction pattern of the TGA residues after thermal
decomposition of BaWO2F4 at 400 °C under oxygen gas flowing.
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Conclusions
In summary, high quality single crystals of BaWO2F4 were synthesized using
an HF based mild hydrothermal synthesis. The compound crystallizes in the
monoclinic P2/n space group and consists of isolated WO2F42- distorted octahedra
separated by barium cations. The compound emits intense green light under UV light
and, furthermore, emits green light under X-ray.
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CHAPTER 5
3

LUMINESCENCE AND SCINTILLATION OF [Nb2O2F9]3- DIMER CONTAINING
OXIDE-FLUORIDES: Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, AND Cs10(Nb2O2F9)3Cl5

5

Adapted with permission from Ayer, G. B.; Morrison, G.; Smith, M. D.; Jacobsohn, L.
G.; zur Loye. H.-C. Inorg. Chem. 2022, 61, 7, 3256-3262 © 2022 American Chemical
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Abstract
We report three novel niobium containing oxide-fluorides, Cs10(Nb2O2F9)3F,
Cs9.4K0.6(Nb2O2F9)3F, and Cs10(Nb2O2F9)3Cl, that were prepared as high quality single
crystals via a HF-based mild hydrothermal route. The compounds all crystallize in the
trigonal crystal system with space group P-3m1. All three compositions form the same
framework structure consisting of isolated [Nb2O2F9]3- dimers that create hexagonal
channels that are occupied by disordered halide species. Upon excitation by UV light at
room temperature, these compounds display broad band emission with maxima at 440 nm,
460 nm, and 470 nm for Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and Cs10(Nb2O2F9)3Cl,
respectively. The broad band emission of these compounds is attributed to the charge
transfer transitions of Nb-O bonds within the [Nb2O2F9]3- dimers. All three compounds
scintillate blue under X-ray irradiation. Radioluminescence (RL) measurements performed
on Cs10(Nb2O2F9)3F demonstrate that the RL emission intensity decreases with increasing
temperature and that the integrated RL emission (300-750 nm) is 4% of Bi4Ge3O12 (BGO)
powder. Thermogravimetric analysis confirms that Cs5Nb3O3F14 has excellent thermal
stability up to 600 °C and no structural phase transition is observed prior to sample
decomposition.
Introduction
Scintillators capable of converting high energy ionizing radiation into low energy
visible photons continue to generate great interest since they are widely used in radiation
detection and X-ray radiography,1 medical imaging,2 including positron emission
tomography (PET)

3

and computer tomography (CT) scanners,4 and geophysical

exploration5. Different scintillating materials are reported for various applications, such as
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NaI:Tl, CsI:Tl, Lu2SiO5:Ce3+, Cs4SrI6:Eu2+, CdWO4, and Bi4Ge3O12 (BGO).6−11 However,
there remain limitations on more widespread use, such as high cost, hygroscopicity, and
stability issues of existing materials. Recently several compounds containing mixed anion
oxide-halides have been reported as efficient X-ray scintillators with high quantum yield.
The low cost along with high stability of these materials makes them of interest for
investigation as new radiation detection and scintillation materials.12−15
Compounds containing metals with a d0 electron configuration, such as Nb5+, can
exhibit intense luminescence and scintillation. Bulk niobates with the composition LnMO4
(Ln = lanthanide element; M = V, Nb or Ta) are dense materials with potential for the
detection of X-rays.16 Moreover, gadolinium tantalo-niobate, GdNb0.2Ta0.8O4, crystallizing
in the fergusonite structure, is a promising material because of its high radiation stopping
power.17 β-BiNbO4, synthesized by the solid state route, has been investigated as an
efficient luminescent material that emits intense blue light at 435 nm under UV light and
X-ray excitation.18 Also, single crystals of the complex niobates Sr3NaNbO6 and
GdKNaNbO5 exhibit violet emission at room temperature when excited by UV light at 250
nm. 19,20 An extension to these materials, representing a potential novel class of luminescing
materials, are mixed anion oxide-fluorides, in which niobium acts as the intrinsic
luminescence center. The quaternary niobium based oxide-fluorides, such as BaNbOF5 and
Cs2NbOF5, which possess isolated NbOF5 octahedra, are reported to be excellent blue
emitters, ascribed to the charge transfer transitions of Nb-O bonds in the [NbOF5]2units.21,22 While the luminescence properties of niobium based compounds containing
isolated octahedra [NbO6/NbOF5] have been studied, to the best of our knowledge, there
have been no reports on compounds containing [Nb2O2F9]3- dimers, that exhibit optical
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emission. This motivated us to explore the novel niobium-based oxide-fluoride host
matrices towards the development of new luminescent materials.
Herein, we report three new niobium based mixed anion oxide-fluoride compounds,
Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and Cs10(Nb2O2F9)3Cl, that can be easily prepared
via a HF based mild hydrothermal route at 160 °C. All three compounds crystallize in the
trigonal space group P-3m1 and consists of isolated [Nb2O2F9]3- dimers that are linked
together through Cs ions to form a complex 3D framework structure. These compounds
exhibit broad blue emission under UV light excitation with maximum intensities at 440
nm, 460 nm, and 470 nm for Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and
Cs10(Nb2O2F9)3Cl, respectively. Furthermore, single crystals of Cs10(Nb2O2F9)3F scintillate
and emit intense blue light when exposed to laboratory X-rays. The scintillation behavior
of Cs10(Nb2O2F9)3F was characterized by radioluminescence (RL) measurements that
determined that the integral RL emission was about 4% of BGO powder.
Experimental section
Reagent. CsF (Alfa Aesar, 99.9%), CsCl (Alfa Aesar, 99%), Nb2O5 (Alfa Aesar,
99.5%), KNbO3 (Johnson Matthey INC., 99.9 %) and HF (EMD, 49%) were used as
received.
Warning! HF should only be handled in a well ventilated space and proper safety
precautions must be used. If contact with the liquid or vapor occurs, proper treatment
procedures should immediately be followed.
Synthesis. Single crystals of the title compounds were grown using a mild
hydrothermal route. For the preparation of Cs10(Nb2O2F9)3F and Cs10(Nb2O2F9)3Cl, 0.5
mmol of Nb2O5, 0.5 ml of 49% HF and 1.5 ml of H2O were combined with 4 mmol of CsF
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and CsCl, respectively. For the synthesis of Cs9.4K0.6(Nb2O2F9)3F, 4 mmol of CsF and 1
mmol of KNbO3 were combined with 1.5 ml H2O and 0.5 ml of 49% HF. The respective
solutions were placed into 23 ml PTFE liners, which were then sealed into stainless steel
autoclaves, heated to 160 °C at a rate of 5 °C min-1, held at this temperature for 24 hours,
and cooled to room temperature at a rate of 6 °C h-1. The mother liquor was decanted from
the single crystal products, which were further isolated by filtration and washed with water
and acetone. In all cases, the reaction yielded a single phase product consisting of colorless
rod crystals with 100% yield based on the Nb precursors.
Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data for phase
purity confirmation were collected on polycrystalline powders prepapred by grinding
product single crystals into a fine powder. Diffraction patterns were collected on a Bruker
D2 PHASER diffractometer utilizing Cu Kα radiation. The data were collected over the
range from 5 to 65° in 2θ with a step size of 0.02°. While the PXRD patterns of the products
indicated no secondary phases, they, however, exhibited preferred orientation due to the
rod shape of the crystals, which persisted even after grinding (Figures 5.1-5.3).
Single Crystal X-ray diffraction. Single crystal X-ray diffraction data from
colorless rod crystals were collected at 301(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-II area detector and an Incoatec microfocus source (Mo Kα
radiation,

λ

=

0.71073

Å).21

The

data

collection

for

Cs10(Nb2O2F9)3F,

Cs9.4K0.6(Nb2O2F9)3F, and Cs10(Nb2O2F9)3Cl, covered 99.9%, 99.4%, and 99.9% of the
reciprocal space to 2θmax = 72.7º, 72.8º, and 65.2º, with an average reflection redundancy
of 53.4, 31.8, and 16.0 respectively, after absorption correction. The raw area detector data
frames were reduced and corrected for absorption effects using the SAINT+ and SADABS
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Figure 5.1 PXRD Pattern of Cs10(Nb2O2F9)3F. Experimental and calculated powder Xray diffraction patterns of Cs10(Nb2O2F9)3F indicated by the black and red lines
respectively. The peak intensities of the calculated pattern are corrected for the preferred
orientation of the sample.
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Figure 5.2 PXRD Pattern of Cs9.4K0.6(Nb2O2F9)3F. Experimental and calculated powder
X-ray diffraction patterns of Cs9.4K0.6(Nb2O2F9)3F indicated by the black and red lines
respectively. The peak intensities of the calculated pattern are corrected for the preferred
orientation of the sample.
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Figure 5.3 PXRD Pattern of Cs10(Nb2O2F9)3Cl. Experimental and calculated powder Xray diffraction patterns of Cs10(Nb2O2F9)3Cl indicated by the black and red lines
respectively. The peak intensities of the calculated pattern are corrected for the preferred
orientation of the sample.
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programs.23,24 Final unit cell parameters were determined by least-squares refinement of
9294, 9745 and 9000 reflections for Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and
Cs10(Nb2O2F9)3Cl, respectively. An initial structural model was obtained with SHELXT.

25

Subsequent difference Fourier calculations and full-matrix least-squares refinement against
F2 were performed with SHELXL-201826 using OLEX2.27 The single crystal X-ray
diffraction data and results of the diffraction experiments are summarized in Table 5.1.
Luminescence properties. Photoluminescence (PL) spectra were collected on a
powdered sample of Cs10(Nb2O2F9)3F using a PerkinElmer LS55 luminescence
spectrometer. Excitation spectra were collected at an emission wavelength of 440 nm and
the emission scan was collected at an excitation wavelength of 248 nm. The photograph
showing scintillation of Cs10(Nb2O2F9)3F was obtained using a Rigaku Ultima IV
diffractometer equipped with a Cu Kα source (λ = 1.54018 Å) as the excitation source.
Radioluminescence (RL) measurements were executed using a customer-designed
configuration of the Freiberg Instruments Lexsyg Research spectrofluorometer equipped
with a Varian Medical Systems VF-50J X-ray tube with a tungsten target. The X-ray source
was coupled with an ionization chamber for continuous radiation intensity monitoring. The
light emitted by the sample was collected by an Andor Technology SR-OPT-8024 optical
fiber connected to an Andor Technology Shamrock 163 spectrograph coupled to a cooled
(-80 oC) Andor Technology DU920P-BU Newton CCD camera (spectral resolution ~0.5
nm/pixel). Powders filled ca. 8 mm diameter 0.5 mm deep cups thus allowing for relative
RL intensity comparison between different samples. Bismuth germanium oxide (BGO)
powder (Alfa Aesar Puratronic, 99.9995% (metals basis)) was used as reference. RL was
measured under continuous X-ray irradiation (40 kV, 1 mA) with integration times of 1 s

120

Table 5.1 Crystallographic data for Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and
Cs10(Nb2O2F9)3Cl
Cs10(Nb2O2F9)3F

Cs9.4K0.6(Nb2O2F9)3F

Cs10(Nb2O2F9)3Cl

Formula weight

2514.56

2457.34

2531.01

Crystal system

Trigonal

Trigonal

Trigonal

Space group

P-3m1

P-3m1

P-3m1

a, Å

21.3033(4)

21.1100(5)

21.3283(6)

b, Å

21.3033(4)

21.1100(5)

21.3283(6)

c, Å

8.4899(2)

8.4310(3)

8.4974(3)

120

120

120

V, Å

3336.77(15)

3253.76(19)

3347.6(2)

ρcalcd, g/cm3

3.754

3.762

3.766

!, deg
3

Radiation (λ, Å)
µ, mm–1

MoKα (0.71073)
9.694

9.495

T, K

9.718
300(2)

Crystal dim.,mm3

0.12´0.07´0.07

0.10´0.08´0.08

0.14´0.05´0.04

2θ range, deg.

2.6409–34.5983

2.228– 36.422

2.638–32.276

Reflections
collected
Data/restraints/
parameters
Δρmax (e Å−3 )

307773

178256

130488

5762/2/148

5603/2/179

4366/1/151

2.634

2.322

-

Δρmin (e Å−3 )

-2.202

-0.990

-

Rint

0.0453

0.0432

0.0462

Goodness of fit

1.055

1.144

1.068

R1(I > 2σ(I))

0.0314

0.0343

0.0256

wR2 (all data)

0.0889

0.0882

0.0669
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5 s or 10 s. RL measurements as a function of temperature were executed under continuous
0.5 oC/s heating rate up to 500 oC, and a 4 s integration time. Thus, temperature increased
by 2 oC during the acquisition of each spectrum. Spectra were labeled by the starting
acquisition temperature. All spectra were automatically corrected by the spectral response
of the system determined by the manufacturer.
Crystal Growth. Single crystals of the title compounds Cs10(Nb2O2F9)3F,
Cs9.4K0.6(Nb2O2F9)3F, and Cs10(Nb2O2F9)3Cl were grown via a HF-based mild
hydrothermal route. This technique has been found to be effective to synthesize a large
number of complex fluorides and oxide-fluorides, with novel structural motifs.15, 28−33 The
single phase products for all compounds were obtained by using the similar reaction
conditions, however using different Cs and Nb precursors. It is well known that the specific
precursor in mild hydrothermal routes can drastically affect the reaction outcome. Attempts
to obtain the Ta analogs using the similar reaction conditions and exploring different
precursors were unsuccessful and only resulted in the formation of the reported ternary
CsTaF6 compound.34
The simple HF(aq) based synthetic route that results in the title compounds avoids
the use of F2 or HF gas as a fluorinating reagent. In the crystal growth reactions, the HF
acts as both the fluorine source as well as a mineralizer, which digests the starting reagents
and favors the formation of a stable oxide-fluoride structure. Previous studies have shown
that niobium oxides are highly soluble in hydrofluoric acid and do not form polymeric
species in fluoride solution.35 However, quaternary or higher extended compounds can be
synthesized from such HF solutions by mixing soluble precursors to the niobium solution
where the composition and structure of the product formed depends on the added
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precursors materials. The concentration of HF also plays a significant role in determining
the composition of the product formed. We observed that the reaction outcome can be
shifted towards the target phase by utilizing a low HF concentration (~ 40%), while at high
HF concentration (~49%) the reaction significantly favors the formation of the ternary
CsNbF6 compound.34 By comparison, Tananaev and Savchenko, who investigated the
synthesis of K2NbF7 in HF solution with concentration of about 42% found that high HF
concentrations result in the precipitation of KNbF6.34
F- and O2- ions are aliovalent and can both fit into the same crystallographic
environments due to their almost identical ionic radii. The incorporation of fluorine for
oxygen ions impacts the electronic structure of the materials and leads to different
properties. The pronounced effect of fluorine incorporation is exemplified by BaWO4,
which exhibits enhanced scintillation behavior once fluorinated to a composition of
BaWO2F4.15 These observations demonstrate that the HF-based mild hydrothermal method
is effective for the synthesis of various oxide-fluorides, and also that the actual reaction
chemistry is complex, and the associated mechanism has rarely been studied to date.
Crystal structure. The title compounds Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F,
and Cs10(Nb2O2F9)3Cl, crystallize in the trigonal space group P-3m1 and represent a new
series of mixed-anion oxide-fluoride compounds. These compounds are new member of
the A10(Nb2O2F9)3X (A = k, Rb, Cs, NH4; X = F, Cl) family.36 The three reported
compounds all crystallize in the same structure type as the previously reported Rb and NH4
compounds, whereas the previously reported K compound forms in an orthorhombic
distortion of the same structure type. Although, the three reported compounds possess
different compositions, they are structurally quite similar and exhibit only minor
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differences in the site occupants of a single column within a channel by unique halide ions.
Each niobium site forms a NbOF5 coordination polyhedron in the shape of an octahedron
with Nb–O distances ranging from 1.689(9) to 1.719(6) Å and Nb–F distances of 1.741(19)
to 2.199(4) Å. In all three cases, two NbOF5 polyhedra vertex-share F atoms to form
[Nb2O2F9]3- dimeric units (Figure 5.4a) that are isolated from one another but linked
together by Cs ions to form a three dimensional framework structure (Figure 5.4b). Two O
atoms and one bridging F atom occupy the apical plane of the dimeric units, whereas the
other F atoms are closely distributed along the equatorial planes of the octahedra.
Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F. The asymmetric unit in P-3m1 consists
of five Cs atoms, three Nb atoms, three O atoms, and ten unique F atoms. The Nb2O2F9
dimers create infinite channels that are occupied by disordered species (Figure 5.5 and 5.6).
These species are modeled as one F per channel-unit cell, which is in good agreement with
the reported analogues.36 The Cs3-Cs5 atoms surround a hexagonal channel in the ab plane,
but the Cs1 and Cs2 atoms connect the neighboring dimeric units to form a 3D framework
structure. The F1-F8 atoms occupy the framework however, the free fluoride ions, F9 and
F10, are located in the hexagonal channels created by [Nb2O2F9]3- dimeric units. The
channels occupants in each case are highly disordered and were modeled as either two or
three unique, partially occupied fluorine sites. In agreement with previous reports of this
structure type36 and charge balance, the total occupancy of each channel was fixed to one
fluorine per channel. IR data (Figure 5.15) exhibited no evidence of O-H stretching and
the reactions were performed in a brand new PTFE liner, thus indicating that neither H2O
nor Cl- are present in the channels of Cs10(Nb2O2F9)3F and Cs9.4K0.6(Nb2O2F9)3F. In case
of Cs9.4K0.6(Nb2O2F9)3F, the K atoms are substituted onto the Cs5 site and form a hexagonal
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in which the disordered fluoride ions F10 reside; however, the Cs3 and Cs4 sites are pure
and surround the disordered fluoride ions F9 located in the other channels.

(a)

(b)
Figure 5.4 Crystal structure of niobium oxide-fluoride compounds (a) A view of a
niobium dimer consisting of vertex-sharing NbOF5 polyhedra (b) A view of a 3D
framework structure containing isolated dinuclear anions and Cs ions that surround the
channels. The cesium, niobium, oxygen, and fluorine atoms are shown in pink, pastel blue,
red, and green, respectively. The black box outlines the unit cell.
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Figure 5.5 Crystal structure of Cs10(Nb2O2F9)3F. A view of a 3D framework of
Cs10(Nb2O2F9)3F that contains infinite channels that are occupied by disordered F- ions.
The cesium, niobium, oxygen, and fluorine atoms are shown in pink, pastel blue, red, and
green, respectively. The black box outlines the unit cell.
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Figure 5.6 Crystal structure of Cs9.4K0.6(Nb2O2F9)3F. A view of a 3D framework of
Cs9.4K0.6(Nb2O2F9)3F that contains infinite channels that are occupied by disordered F- ions.
The potassium, cesium, niobium, oxygen, and fluorine atoms are shown in purple, pink,
pastel blue, red, and green, respectively. The black box outlines the unit cell.
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Cs10(Nb2O2F9)3Cl. The asymmetric unit consists of five independent cesium
atoms, three niobium atoms, eight fluorine atoms, three oxygen atoms and five
independent, but disordered and partially occupied, chlorine atoms. This compound is
isostructural

with

Cs10(Nb2O2F9)3F

and

Cs9.4K0.6(Nb2O2F9)3F,

however,

the

[Cs10(Nb2O2F9)3]+ framework surrounds 1D channels parallel to [001] that are filled with
disordered chloride ions (Figure 5.7). Cl1A is located at the origin (1a, -3m. site
symmetry); a minor disorder component observed near Cl1A occupies site 2c (3m.
symmetry, atom Cl1B). The Cl1 occupancies refined to Cl1A/Cl1B = 0.72(1)/0.14(1). Two
Cl1B atoms are generated by symmetry per one Cl1A, for 1 total chlorine per Cl1 disorder
grouping. Disordered chloride ions Cl2A-C in the channels at (2/3, 1/3, z) are on site 2d
(3m. site symmetry). Cl2 occupancies refined to Cl2A = 0.34(2), Cl2B = 0.38(2), Cl2C =
0.28(2). Cl- was not expected, but displacement parameters of the channel species, Cs-Cl
distances of 3.4 Å and the achievement of a charge-balanced composition are consistent
with Cl-, and not F- or H2O/OH-/O2- or a cation.
Luminescence

Properties.

The

excitation

and

emission

spectra

of

Cs10(Nb2O2F9)3F at room temperature are shown in Figure 5.8. When excited by UV light
using an excitation wavelength of 248 nm, Cs10(Nb2O2F9)3F exhibits a broad emission
spectrum with maxima at 440nm. The emission spectrum of this material, containing
niobium as an intrinsic luminescence center, is assumed to be mainly governed by the
charge transfer transition localized within the short Nb-O bonds of the [Nb2O2F9]3dimers.21,22 This UV charge transfer transition is believed to go from the anionic O-2p
ligands to the cationic Nb-4d metal ion but not from the F-2p ligands due to the high
electronegativity of F.
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Figure 5.7 Crystal structure of Cs10(Nb2O2F9)3Cl. A view of 3D framework of
Cs10(Nb2O2F9)3Cl that contains 1D channels occupied by disordered chloride ions. The
cesium, niobium, chlorine, oxygen, and fluorine atoms are shown in pink, dark cyan, dark
green, red, and green, respectively. The black box outlines the unit cell.

129

Reports in the literature indicate that the luminesce mechanisms of quaternary
Cs2NbOF5 and BaNbOF5 are attributed to the charge transfer transitions of the Nb-O bonds
in the [NbOF5]2- units.

21,22

This has also been observed in other materials, such as

Cs2WO2F4 and K2NaTiOF5, consisting of [WO2F4]2- and [TiOF5]3- building units,
respectively.37,38 Blasse et al. have reported on ternary layered niobate compounds,
KNb3O8 and K4Nb6O17, in which the emission arises from the short localized niobyl (NbO) bonds within the corner- and edge-sharing NbO6 octahedral complexes.39 There are
related reports suggesting that the short Ti-O bonds within the isolated titanate octahedra
similarly has a significant impact on the optical properties of titanates.40 Moreover, the
broad band emission in the niobium oxyphosphate, (NbO)2P4O13, encompassing the range
350-600 nm, is attributed to the O-2p to Nb-4d charge transfer transitions.41 Therefore, one
can presume that the emission in Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and
Cs10(Nb2O2F9)3Cl, is also due to the charge transfer transition of the Nb-O bonds within
the [Nb2O2F9]3- dimers, that causes the material to be luminescent.
As shown in Figure 5.9, Cs10(Nb2O2F9)3F visibly scintillates blue under Cu Kα Xray irradiation within our Rigaku Ultima PXRD diffractometer. The scintillation responses
of powdered Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F and Cs10(Nb2O2F9)3Cl were
investigated under X-ray irradiation (RL measurements). Figure 5.10 shows the trend of
the temperature dependence of the RL measurements of Cs10(Nb2O2F9)3F, which exhibits
a fast, continuous decrease in the intensity that reached about 50% of the original intensity
already at around 70 °C and full thermal quenching at around 200 °C. This is more clearly
seen in the peak intensity at 462 nm vs. temperature plot (Figure 5.11). No shift of the peak
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Figure 5.8 Excitation and emission spectra of Cs10(Nb2O2F9)3F

Figure 5.9 Optical image of Cs10(Nb2O2F9)3F. (left) Optical image of ground crystals
of Cs10(Nb2O2F9)3F in the absence of X-rays and (right) optical image of scintillating
ground crystals when exposed to Cu Kα X-rays.
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position was observed as a function of the temperature. Integral RL emission at room
temperature was about 4% of BGO powder. The RL spectra of both Cs9.4K0.6(Nb2O2F9)3F
and Cs10(Nb2O2F9)3Cl are shown in Figure 5.12, with both exhibiting lower intensity
scintillation than Cs10(Nb2O2F9)3F.

Figure 5.10 RL emission intensity as a function of temperature
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Figure 5.11 Peak intensity of the main line at 462 nm as a function of temperature.

Figure 5.12 RL emission spectra of Cs10(Nb2O2F9)3Cl and Cs9.4K0.6(Nb2O2F9)3F under
broad-range W X-ray emission.
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Thermogravimetric Analysis. The thermal stability of Cs10(Nb2O2F9)3F was
evaluated using thermogravimetric analysis up to 1000 °C under a N2 gas flow (Figure
5.13). The TGA data show that the compound does not undergo decomposition until
approximately 600 °C, which illustrates the high thermal stability of Cs10(Nb2O2F9)3F.
Between 600 °C and 1000 °C, the compound loses ~50% mass, which results in the
formation of Cs2Nb4O11 based on powder X-ray diffraction analysis (Figure 5.14). We
conclude that Cs10(Nb2O2F9)3F degrades by liberating fluorine upon heating above 600 °C.

Figure 5.13 Thermogravimetric analysis diagram for Cs10(Nb2O2F9)3F
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Figure 5.14 PXRD Pattern of Cs10(Nb2O2F9)3F Post-Heating. Powder X-ray diffraction
pattern of the TGA residues after thermal decomposition of Cs10(Nb2O2F9)3F at 600 °C
under a N2 gas flow.

135

Figure 5.15 FTIR data for Cs10(Nb2O2F9)3F, Cs9.4K0.6(Nb2O2F9)3F, and Cs10(Nb2O2F9)3Cl
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Conclusion
To summarize, we have successfully prepared three new disordered niobium-based
mixed

anion

oxide-fluorides,

Cs10(Nb2O2F9)3F,

Cs9.4K0.6(Nb2O2F9)3F,

and

Cs10(Nb2O2F9)3Cl, by employing a mild hydrothermal route. The crystal structures of all
three compounds contain [Nb2O2F9]3- dimers, formed by two corner-sharing [NbOF5]2octahedra that are linked together by Cs ions to form a 3D framework structure. These
compounds luminesce blue under UV excitation at RT and exhibit broad band emissions.
Single crystals of Cs10(Nb2O2F9)3F emit intense blue color on irradiation with laboratory
X-rays and the integral RL emission was about 4% of BGO powder. The RL emission
intensity of Cs10(Nb2O2F9)3F compound was thermally quenched at about 200 oC. On the
other hand, the Cs10(Nb2O2F9)3F compound exhibited excellent thermal stability up to 600
°C. Our investigation demonstrates the ability to synthesize new mixed-anion niobium
oxide-fluorides that are thermally stable and exhibit significant X-ray scintillation.
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CHAPTER 64

SYNTHESIS OF HYDRATED TERNARY LANTHANIDE-CONTAINING
CHLORIDES EXHIBITING X-RAY SCINTILLATION AND LUMINESCENCE6

6

Adapted with permission from Ayer, G. B.; Smith, M. D.; Jacobsohn, L. G.; Morrison,
G.; Tisdale, H. B.; Zhang, W.; Halasyamani, P. S.; zur Loye. H.-C. Inorg. Chem. 2021,
60, 15371-15382 © 2022 American Chemical Society
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Abstract
A series of new ternary lanthanide-based chlorides, Cs2EuCl5(H2O)10,
Cs7LnCl10(H2O)8 (Ln = Gd and Ho), Cs10Tb2Cl17(H2O)14(H3O), Cs2DyCl5(H2O)6,
Cs8Er3Cl17(H2O)25, and Cs5Ln2Cl11(H2O)17 (Ln = Y, Lu, and Yb), were prepared as single
crystals via a facile solution route. The compounds with compositions Cs7LnCl10(H2O)8
(Ln = Gd and Ho) and Cs5Ln2Cl11(H2O)17 (Ln = Y, Lu, and Yb) crystallize in the
monoclinic crystal system with space groups C2 and P21/c, respectively, whereas
Cs2EuCl5(H2O)10, Cs10Tb2Cl17(H2O)14(H3O), and Cs8Er3Cl17(H2O)25 crystallize in the
orthorhombic space groups Pbcm, Pnma, and P212121, respectively. The Cs2DyCl5(H2O)6
compound crystallizes in the triclinic symmetry with space group P-1. All these
compounds exhibit complex 3D structures built up from isolated lanthanide polyhedral
units that are linked together by extensive hydrogen bonds. The Cs2EuCl5(H2O)10 and
Cs10Tb2Cl17(H2O)14(H3O) compounds luminesce upon irradiation with UV light at 375 nm,
emitting

intense

orange-red

Cs10Tb2Cl17(H2O)14(H3O)

and

compound

green
scintillates

color,
when

respectively,
exposed

and
to

the

X-rays.

Radioluminescence (RL) measurement on the Cs10Tb2Cl17(H2O)14(H3O) compound in
powder form shows that the RL emission integrated within 300-750 nm was about 16% of
BGO powder.
Introduction
Scintillators, which are best known for the detection of ionizing radiation like Xrays and gamma-rays, absorb and convert the high-energy ionizing radiation into visible
light and have emerged as important materials in many different fields, including highenergy physics,1 medical imaging,2 positron emission tomography (PET),3 computer
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tomography (CT) scanners,4 radiation detection5 and other industrial applications.6
Inorganic scintillators encompass a broad range of doped inorganic solids, such as NaI:Tl,
CsI:Tl, LaBr3:Ce3+, SrI2:Eu2+, Cs4CaI6:Eu2+, and Cs4SrI6:Eu2+, as well as the self-activated
materials, such as CaWO4 and Bi4Ge3O12 (BGO), which possess luminescent centers that
are intrinsic to the structure.7−13 Recently, self-activated materials possessing a mixed
oxide-halide environment have received attention, as the oxyfluoride environment around
the metal centers tends to introduce distortions that can enhance their luminescence and
scintillation behavior.14,15 Hence, the investigation of novel oxide-halide materials as
potential scintillators represents a promising area for the discovery of new oxyhalide
materials for radiation detection.
Many halide containing materials have been shown to exhibit excellent optical
properties with high quantum yield due to their unique structural modularity ranging from
zero- to three-dimensional networks. The inorganic copper(I)-based halides Cs3Cu2X5 (X
= Cl, Br, I) exhibit intense luminescent emission with a photoluminescence quantum yield
greater than 90%, which is attributed to the highly efficient self-trapped excitonic effect
caused by their structural distortion.16 Furthermore, the metal halide based perovskites are
excellent X-ray scintillators and luminescent materials and have great potential for
applications in the fields of optoelectronics and photodetectors, where their tunable band
gaps, low-cost synthesis, wide color gamut and structural flexibility, makes them highly
attractive candidates.17−20 The organic/inorganic hybrid halides, such as (PEA)2PbBr4,
(C38H34P2)MnBr4, [KC2]2[Cu4I6] (C = 12-crown-4 ether), and (PPN)2SbCl5 (PPN =
bis(triphenylphosphoranylidene)ammonium cation), are another promising class of
scintillating materials, favored for their excellent photophysical properties that include a
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strong X-ray absorption coefficient and a facile solution synthesis.

21−24

Doping a

lanthanide ion (Ln3+) into an inorganic halide compound is another facile approach for
tuning their electronic properties across the visible light spectral region. The trivalent
lanthanide ions as dopants exhibit characteristic sharp emission peaks that can be tuned
due to their flexible coordination geometries and their size-imposed preference for high
coordination number environments (CN ≥ 6). To date, numerous lanthanide doped halide
nanocrystals and quantum dots have been prepared and reported to impart intense
luminescent properties across the visible range and, as a result, many have found their way
into applications including television sets, bioimaging and fluorescent lights.25−27
Moreover, lanthanide doped metal chlorides, such as Tl2GdCl5:Ce3+, have been reported as
X-ray and $-ray scintillators with light yield of around 53,000 photons/MeV.28
Interestingly, while halide materials containing lanthanides as an intrinsic luminescent
center have been reported to display excellent optical properties, they have not been
investigated as extensively, and only very few compounds of this type have been studied
to date.29
Herein, we report on a series of 3D and 2D structured ternary lanthanide-containing
chlorides belonging to six different structure types, namely Cs2EuCl5(H2O)10,
Cs7LnCl10(H2O)8 (Ln = Gd and Ho), Cs10Tb2Cl17(H2O)14(H3O), Cs2DyCl5(H2O)6,
Cs8Er3Cl17(H2O)25, and Cs5Ln2Cl11(H2O)17 (Ln = Y, Lu, and Yb) that can be easily
synthesized via solution routes at room temperature. Within this series we observed that
single crystals of Cs2EuCl5(H2O)10 and Cs10Tb2Cl17(H2O)14(H3O) exhibit sharp optical
emissions under long wave UV light with orange-red and green colors that are typical of
Eu3+ and Tb3+ containing ions, respectively. Moreover, the Cs10Tb2Cl17(H2O)14(H3O)
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compound scintillates emitting intense green light when irradiated by laboratory X-rays,
validating the premise that new scintillators can be discovered among the extended
lanthanide halide family.
Experimental section
Reagents. CsCl (Alfa Aesar, 99%), LnCl3·6H2O (Ln = Y, Lu, Eu, Gd, Tb, Dy, Ho,
Er, and Yb) (Alfa Aesar, 99.9%), and HCl (Sigma Aldrich, 37%), were used as received.
Synthesis. Single crystals of the titled compounds were synthesized by evaporating
a dilute hydrochloric acid solution (4 M) containing a mixture of LnCl3•6H2O (Ln = Y, Lu,
Eu, Gd, Tb, Dy, Ho, Er, and Yb) and CsCl at room temperature. For the preparation of
these compounds, 4 mmol of CsCl and 1 mmol of LnCl3•6H2O (Ln = Y, Lu, Eu, Gd, Tb,
Dy, Ho, Er, and Yb) were combined with 1 ml of H2O and 0.5 ml of 12 M HCl. The
respective solutions were placed into 23 ml PTFE-liner, stirred slowly to completely
dissolved the reagents and then left in the fume hood for 48 hours to slowly evaporate the
water at room temperature. Evaporation of the solution resulted in the formation of large
block single crystals of the respective compounds. All compounds were found to be
air/moisture sensitive when removed from their mother liquor with single crystals
decomposing over the course of several hours. Furthermore, the reaction was found to be
dependent on the ambient humidity. The reported reactions were performed in the winter
months when the humidity in the laboratory was low. Reproduction of the
Cs10Tb2Cl17(H2O)14(H3O) synthesis during the humid summer months required either
gentle heating of the PTFE liner or placing the liner in a sealed container surrounded by
desiccant. The mother liquor was very hygroscopic and quickly picked up atmospheric
water and redissolved the crystals when removed from the hot plate or desiccant.
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Single Crystal X-ray Diffraction. X-ray intensity data from single crystals were
collected at 100(2) K under liquid N2 using a Bruker D8 QUEST diffractometer equipped
with a PHOTON-II area detector and an Incoatec microfocus source (Mo Kα radiation, λ
= 0.71073 Å). The raw area detector data frames were reduced, scaled and corrected for
absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.30,31 The
structure was solved with SHELXT.32 Subsequent difference Fourier calculations and fullmatrix least-squares refinement against F2 were performed with SHELXL-201833 using
OLEX2.34 The crystallographic data and results of the diffraction experiments are
summarized in Table 6.1.
Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data for
Cs10Tb2Cl17(H2O)14(H3O), Figure 6.1, were collected on a Rigaku SmartLab
Diffractometer in transmission geometry using a Mo K⍺ rotating anode (45kV, 200mA, &
= 0.70932Å). Single crystals of Cs10Tb2Cl17(H2O)14(H3O) were ground under their mother
liquor and quickly loaded in a polyimide tube with an inner diameter of 0.31mm and an
outer diameter of 0.36mm and sealed with nitro-cellulose cement. This tube was then
placed in a borosilicate glass capillary with an outer diameter of 1.0mm. Data were
collected from 2( = 5-25° with 0.01° steps. The diffraction pattern was analyzed, fitted,
and refined with the Rietveld/d-I pattern method using the Rigaku SmartLab Studio II
software.
Energy-Dispersive Spectroscopy (EDS). EDS was performed on product single
crystals using a Tescan Vega-3 SEM equipped with a Thermo EDS attachment. The SEM
was operated in low-vacuum mode. Crystals were mounted on an SEM stud with carbon
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Table 6.1 Crystallographic data for rare earth based chlorides
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Formula
weight
Crystal
system
Space
group, Z
a, Å
b, Å
c, Å
!, deg
β, deg
", deg
V, Å3
ρcalcd, g/cm3
µ, mm–1
Radiation
(λ, Å)
T, K
Crystal
dim.,mm3
2θ range,
deg.
Flack
parameter
Reflections
collected
Data/restrai
nts/paramet
ers
Rint
Goodness of
fit
R1(I > 2σ(I))
wR2 (all
data)

Cs2EuCl5(H2
O)10

Cs7GdCl10(H
2O)8

Cs7HoCl10(H2
O)8

Cs10Tb2Cl17(H2O
)14(H3O)

Cs2DyCl5(H2
O)6

Cs8Er3Cl17(H
2O)25

Cs5Y2Cl11(H2
O)17

Cs5Lu2Cl11(H
2O)17

Cs5Yb2Cl11(H
2O)17

775.19

1586.25

1593.93

2520.84

713.67

2614.50

1538.59

1710.71

1701.81

orthorhombic

monoclinic

monoclinic

orthorhombic

triclinic

orthorhombic

monoclinic

monoclinic

monoclinic

Pbcm

C2

C2

Pnma

P-1

P212121

P21/c

P21/c

P21/c

7.7917(2)
13.7075(4)
18.3357(5)
90
90
90
1958.34(9)
2.629
7.575

18.1863(7)
9.3476(3)
9.4878(3)
90
94.0870(10)
90
1608.81(10)
3.275
10.717

18.1393(5)
9.3216(3)
9.4612(3)
90
94.0330(10)
90
1595.81(8)
3.317
11.206

18.1569(5)
17.8077(5)
16.5082(5)
90
90
90
5337.6(3)
3.137
10.239

9.5329(4)
23.1485(9)
27.5822(11)
90
90
90
6086.6(4)
2.853
9.615

23.1390(8)
19.0032(6)
18.2747(7)
90
93.6790(10)
90
8019.1(5)
2.549
8.134

23.0503(10)
18.9377(8)
18.1628(7)
90
93.5600(15)
90
7913.1(6)
2.872
10.285

23.0932(7)
18.9550(6)
18.2008(5)
90
93.5676(12)
90
7951.6(4)
2.843
9.973

0.180´0.160´0.
080
2.614–37.825

0.220´0.120´0.
080
2.152–40.293

0.280´0.240´0.
180
2.158–40.247

0.160´0.130´0.060

0.340´0.300´0.
200
2.260–35.019

0.200´0.160´0.
060
1.816–33.182

0.320´0.240´0.
200
2.963–40.094

0.080´0.060´0.
060
2.324–37.765

_

0.025 (2)

0.046 (4)

_

_

_

2.022–35.052

8.3141(3)
9.3997(3)
9.9928(3)
87.4220(10)
88.5510(10)
89.9770(10)
779.90(4)
3.039
10.246
MoKα(0.71073)
100(2)
0.100´0.060´0.
040
2.169–37.860

_

_

0.017 (2)

96240

137281

59353

197049

109155

366894

333217

716320

822715

5399/0/130

10177/9/150

10033/17/149

12104/22/284

8409/12/176

22181/81/655

30636/ 47/ 882

49815/ 49/ 878

42696/48/874

0.0388
1.134

0.0359
1.259

0.0554
1.168

0.0740
1.043

0.0352
1.262

0.0811
1.166

0.0632
1.044

0.1126
1.036

0.0712
1.047

0.0148
0.0280

0.0112
0.0248

0.0207
0.0486

0.0232
0.0440

0.0118
0.0248

0.0304
0.0741

0.0421
0.0456

0.0307
0.0548

0.0247
0.0498

Figure 6.1 PXRD Pattern of Cs10Tb2Cl17(H2O)14(H3O). PXRD data for
Cs10Tb2Cl17(H2O)14(H3O) showing the diffraction pattern and calculated pattern using the
Rietveld/d-I pattern method (top) and the residual intensity (bottom). Note that this data
was collected using Mo K⍺ X-rays (" = 0.70932Å). Therefore, diffraction angles cannot
be directly compared to tradition Cu K⍺ PXRD patterns without conversion. Furthermore,
due to the high-resolution nature of the instrument, K⍺1/K⍺2 splitting is observed even for
low angle diffraction peaks.
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tape and analyzed using a 20 KV accelerating voltage and a 30 s accumulating time. The
EDS data are shown in Table 6.2.
Optical Properties. Micro-photoluminescence data was collected on a Horiba
Micro-SPEX system equipped with Horiba iHR320 imaging spectrograph and a Syncerity
CCD detector. Excitation was provided by a confocal 375 nm diode laser. Data was
collected using Labspec 6 in the range of 400 to 800 nm with a laser excitation source
power of 0.4 mW and 10xUV objective.
Scintillation. Radioluminescence (RL) measurements were executed using a
customer-designed configuration of the Freiberg Instruments Lexsyg Research
spectrofluorometer equipped with a Varian Medical Systems VF-50J X-ray tube with a
tungsten target. The X-ray source was coupled with an ionization chamber for continuous
radiation intensity monitoring. The light emitted by the sample was collected by an Andor
Technology SR-OPT-8024 optical fiber connected to an Andor Technology Shamrock 163
spectrograph coupled to a cooled (-80 oC) Andor Technology DU920P-BU Newton CCD
camera (spectral resolution ~0.5 nm/pixel). Powders filled ca. 8 mm diameter 0.5 mm deep
cups thus allowing for relative RL intensity comparison between different samples.
Bismuth germanium oxide (BGO) powder (Alfa Aesar Puratronic, 99.9995% (metals
basis)) was used as reference. RL was measured under continuous X-ray irradiation (40
kV, 1 mA) with integration times of 1 s or 5 s. Spectra were corrected by the built-in
wavelength response of the system. To ensure phase stability during sample shipment, the
prepared sample was shipped on dry ice.
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Results and Discussion
Crystal Growth. The use of HCl in the reaction mixture aided in the dissolution of
reagents, analogous to the role of HF in the mild hydrothermal synthesis of fluorides.35−38
Single crystals of hydrated ternary alkali lanthanide chloride compounds were grown via
precipitation from an aqueous solution by slow evaporation of the liquid at room
temperature, an approach that had already been found to be extremely effective for
crystallizing numerous hydrated ternary fluorides and chlorides exhibiting various
structural motifs.39−41 Despite using almost identical reaction conditions for all
compositions studied, starting with the lanthanide chloride precursors, the reaction
products were found to be quite varied, crystallizing with different compositions and in
different structure types. The most likely cause for this variation among the chemically
rather similar lanthanides is likely to be found in the lanthanide contraction. It is well
established that the later lanthanides, due to their smaller sizes, tend to adopt lower
coordination numbers than the early lanthanides. As an illustration, Klepov et. al. have
reported that in the extended lanthanide series of NaLnP2S6 (Ln = La, Ce, Pr) and CsLnP2F7
(Ln = Nd–Yb, Y), the early lanthanides take-on 9-fold coordination, while the later
lanthanide cations favors a coordination number of 8.42 These high coordination numbers,
combined with the tendency of lanthanides to be quite flexible when it comes to the
geometry of their coordination environment, can readily cause uniform reaction conditions
to result in different compositions and crystal structures. In this study, hydrated ternary
alkali lanthanide chlorides were crystallized for Eu–Lu as well as for Y. All attempts to
obtain similar ternary chloride materials containing the early lanthanides (La–Sm) using
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the same reaction condition were unsuccessful in yielding new compositions and, instead,
resulted only in crystalline products already reported in the literature.41
Crystal Structures. The lanthanide chloride series crystallize in six different
structure

types,

Cs2EuCl5(H2O)10,

Cs7LnCl10(H2O)8

(Ln

=

Gd

and

Ho),

Cs10Tb2Cl17(H2O)14(H3O), Cs2DyCl5(H2O)6, Cs8Er3Cl17(H2O)25, and Cs5Ln2Cl11(H2O)17
(Ln = Y, Lu, and Yb). In this study we observed that on moving across the lanthanide series
(Eu–Lu), the symmetry of the compounds changes and the coordination number of the
lanthanide cations decreases from 9 to 8, as a consequence of lanthanide contraction,
resulting in six different compositions. By comparison, this effect was observed by Klepov
et al. where a minor change in size between the lanthanide cations causes a sharp change
in the coordination environment and coordination number, resulting in different structure
types.43 The lanthanide chloride compounds, although having different symmetries and
compositions, all consists of lanthanide polyhedra that are isolated from each other but
linked into a complex structure by Cs–Cl/Cs–O bonds and by extensive OH-O hydrogen
bonding and OH-Cl interactions.
Cs2EuCl5(H2O)10. Cs2EuCl5(H2O)10 crystallizes in the monoclinic crystal system
with space group Pbcm. The asymmetric unit consists of two cesium atoms, one europium
atom, three chlorine atoms and six water molecules. Eu is nine-coordinated, exclusively by
water. The Eu(H2O)9 polyhedra are isolated from each other but linked to Cs atoms through
bridging waters. Overall, it is a 3D framework, assisted by OH-O hydrogen bonds and
OH-Cl interactions. The Eu site forms an Eu(H2O)9 coordination polyhedron (Figure 6.2a)
in the shape of a tricapped trigonal prism with Eu–O bond lengths of 2.4701(9) –2.4775(10)
Å and O–Eu–O angles ranging from 66.36(3)–144.20(4)°. The Cs cations are coordinated
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by both chlorine atoms and water molecules and the bond lengths for Cs–Cl and Cs–O
range from 3.4554(3)–3.7070(5) Å and 3.1567(17)– 3.7686(18) Å, respectively. The Cs
cations are located within the voids and connect the isolated polyhedral units by corner
sharing through O atoms of the water molecules to form a 3D framework structure (Figure
6.2b).
Cs10Tb2Cl17(H2O)14(H3O). The compound crystallizes in the orthorhombic
system. The pattern of systematic absences in the intensity data was consistent with the
space group Pnma, which was confirmed by structure solution. The asymmetric unit
consists of one terbium atom, eight cesium atoms, ten chloride atoms and nine oxygen
atoms. Tb is eight-coordinated by six H2O molecules and two Cl atoms. The Tb(H2O)6Cl2
polyhedra are isolated from each other but linked into a complex 3D structure via all the
Cs and Cl ions and a network consisting of OH-O hydrogen bonds and OH-Cl interactions.
In the crystal structure, the Tb atoms form Tb(H2O)6Cl2 coordination polyhedra with Tb–
Cl bond lengths of 2.7041(9)– 2.7091(8) Å and Tb–O bond lengths ranging from 2.373(2)–
2.4525(17) Å. The bond angles of the Tb polyhedra fall within the wide range of 67.78(7)–
149.80(5)° forming a distorted square antiprism (Figure 6.3a). The Cs1-Cs2, Cl1-Cl7 and
O1-O6 are located on positions of general crystallographic symmetry (Wyckoff site 8d)
whereas, Cs3-Cs8, Cl8-Cl10 and O7-O9 are located on or are disordered across (O9) mirror
planes (Figure 6.12). The presence of a hydronium ion is consistent with the composition
determined from the heavy atoms, which requires an additional +1 charge for charge
balance. The three hydronium H atoms also form a typical network of OH-O hydrogen
bonds and OH-Cl interactions, providing further support for the H3O+ assignment. The
isolated metal polyhedra are connected to Cs cations located in the voids through corner
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shared Cl atoms as well as by an extensive hydrogen bonding network to form a 3D
framework structure (Figure 6.3b).
Cs7LnCl10(H2O)8 (Ln = Gd and Ho). The two compounds are isostructural and show only
minor differences in their unit cell lattice parameters. The Cs7LnCl10(H2O)8 (Ln = Gd and
Ho) compounds crystallize in the monoclinic crystal system and adopt an acentric space
group C2. SHG measurements were attempted to confirm the non-centrosymmetric nature
of this structure, as well as the Cs8Er3Cl17(H2O)25 structure, vide infra. However, the
extreme water sensitivity of these compounds inhibited the reliable measurement of SHG
activity. The asymmetric unit in C2 consists of one Ln atom, four cesium atoms, five
chlorine atoms and four water molecules. The unique Ln atom has an eight-fold
Ln(H2O)6Cl2 coordination environment (Figure 6.4a). The 3D crystal structure is built up
from the isolated Ln polyhedra which are connected to each other by OH-O hydrogen
bonds and OH-Cl interactions. The Ln site forms an eight-coordinate Ln(H2O)6Cl2
polyhedron with Ln–Cl and Ln–O bond lengths ranging from 2.7228(8)–2.7540(4) Å and
2.339(3)–2.4362(15) Å, respectively. The compound has a Cs/Cl rich composition and the
isolated metal polyhedra are linked by corner-sharing Cs–Cl bonds as well as extensive
hydrogen bonding to form a 3D framework structure (Figure 6.4b).
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(a)

(b)
Figure 6.2 Crystal structure of Cs2EuCl5(H2O)10. (a) A view of a Eu(H2O)9 coordination
polyhedron. (b) a view of 3D structure of Cs2EuCl5(H2O)10 along the a axis. The cesium,
europium, oxygen, chlorine, and hydrogen atoms are shown in pink, brown, red, dark
green, and off-white, respectively. The black box outlines the unit cell.
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(a)

(b)

Figure 6.3 Crystal structure of Cs10Tb2Cl17(H2O)14(H3O). (a) A view of a Tb(H2O)6Cl2
coordination polyhedron. (b) a view of 3D structure of Cs10Tb2Cl17(H2O)14(H3O) along the
b axis. The cesium, terbium, oxygen, chlorine, and hydrogen atoms are shown in pink,
brown, red, dark green, and off-white, respectively. The black box outlines the unit cell.
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(a)

(b)

Figure 6 4. Crystal structure of Ln(H2O)6Cl2 (Ln = Gd and Ho). (a) A view of a
Ln(H2O)6Cl2 (Ln = Gd and Ho) coordination polyhedron. (b) a view of 3D structure of
Cs7LnCl10(H2O)8 (Ln = Gd and Ho) along the b axis. The cesium, Ln (Ln = Gd and Ho),
oxygen, chlorine and hydrogen atoms are shown in pink, brown, red, dark green, and offwhite, respectively. The black box outlines the unit cell.
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Cs2DyCl5(H2O)6. The compound crystallizes in the triclinic crystal system in the
centrosymmetric space group P-1. The asymmetric unit consists of one Dy atom, two
cesium atoms, five chlorine atoms and six water molecules. The unique Dy site is eight
coordinate DyCl2(H2O)6 (Figure 6.5a) . This is a 2D layered structure where the layers
orient parallel to the (ab) plane, and stack along [001] via extensive OH-Cl interactions.
The non-hydrated form, Cs2DyCl5, has been reported in the literature and exhibits
orthorhombic symmetry.44 The Dy cation forms a DyCl2(H2O)6 coordination polyhedron
with Dy–Cl and Dy–O bond lengths ranging from 2.7016(3)–2.7112(3) Å and 2.3501(9)–
2.4382(8) Å, respectively. The Cs atoms take on a CsCl7(H2O) coordination sphere and are
linked to neighboring cesium and dysprosium units through corner-shared chlorine and
oxygen atoms to form a layer in the (ab) plane (Figure 6.5b). These layers are further
connected to each other by OH-Cl interactions to form a 2D layered structure (Figure 6.5c).
Cs8Er3Cl17(H2O)25. It is a fairly large structure with a unit cell volume of 6100 Å3
and noticeably different from the other structures. The compound crystallizes in the
orthorhombic crystal system and adopts the acentric space group P212121, which allows for
chirality. The asymmetric unit consists of three crystallographically unique erbium atoms,
eight cesium atoms, seventeen chlorine atoms and twenty-five water oxygen atoms. Of the
three unique Er atoms, two have ErCl(H2O)7 and one has an Er(H2O)8 coordination
polyhedra (Figure 6.6a) with Er–Cl and Er–O bond lengths ranging from 2.6513(17)–
2.6616(16) Å and 2.299(5)– 2.409(5) Å, respectively. The Cs cations connect to each other
through both corner and edge shared Cl atoms as well as corner shared O atoms to form
the Cs/Cl/H2O framework which contain large channels in which the Er polyhedra reside
(Figure 6.6b). These polyhedra are isolated from one another but engage in extensive OH-
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(a)

(b)

(c)
Figure 6.5 Crystal structure of Cs2DyCl5(H2O)6. (a) A view of a DyCl2(H2O)6
coordination polyhedron. (b) a view of a layer of Cs2DyCl5(H2O)6 along the ab plane. (c)
A view of a 2D layered structure of Cs2DyCl5(H2O)6 consisting of the layers parallel to the
(ab) plane, and stacking along [001] via extensive OH-Cl hydrogen bonding. The cesium,
dysprosium, oxygen, chlorine and hydrogen atoms are shown in pink, brown, red, dark
green, and off-white, respectively. The black box outlines the unit cell.
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O hydrogen bonding and especially numerous OH-Cl interactions with the Cs/Cl/H2O
framework to form a 3D crystal structure (Figure 6.6c). There exists some minor disorder,
evident in a split chloride position and partial occupancy of a nearby water oxygen (Figure
4.13), where Cl9A/Cl9B hold 80/20 split position and O25A is 80% occupied to prevent
steric overlap with Cl9B.
Cs5Ln2Cl11(H2O)17 (Ln = Y, Lu, and Yb). The Cs5Ln2Cl11(H2O)17 (Ln = Y, Lu,
and Yb) compounds crystallize in the monoclinic system and represent the isostructural
series. The pattern of systematic absences in the intensity data was uniquely consistent with
the space group P21/c, which was verified by the structure solution. It is a complex structure
consisting of ten unique cesium atoms, four unique lanthanide atoms, 22 unique chlorine
atoms and a total of 34 unique water oxygen atoms. The four Ln cations are eightcoordinate. Two have Ln(H2O)7Cl coordination spheres and two have Ln(H2O)8
coordination spheres (Figure 6.7a) with Ln–Cl and Ln–O bond lengths ranging from
2.6576(5)–2.6978(6) Å and 2.252(2)–2.3887(19) Å, respectively.

These spheres are

isolated from each other but linked together by Cs–Cl/Cs–O bonds and with extensive OHO hydrogen bonds and OH-Cl interactions to form a 3D crystal structure [Figure 6.7(b, c)].
There is extensive disorder surrounding the Ln4 site (Figure 6.14). A total of eight water
oxygens coordinated to Ln4 were located. Three (O23-O25) are not disordered and refined
normally. The remaining Ln4 coordination sites are occupied by nine half-occupied oxygen
atoms (O26A, O27A/B, O28A/B, O29A, O30A/B/C) and two ¼-occupied (O29B/C)
oxygen atoms. The disorder can be interpreted as two Ln(H2O)83+ cations disordered over
two orientations, each with 50% occupancy.
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(a)

(b)

(c)
Figure 6.6 Crystal structure of Cs8Er3Cl17(H2O)25. (a) A view of a ErCl(H2O)7 and
Er(H2O)8 coordination polyhedra with three unique Er atoms. (b) a view of a Cs/Cl/H2O
framework along the a axis. (c) A view of a 3D structure of Cs8Er3Cl17(H2O)25 along the a
axis.
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(a)

(b)

(c)

Figure 6.7 Crystal structure of Cs5Ln2Cl11(H2O)17. (a) A view of a LnCl(H2O)7 and
Ln(H2O)8 coordination polyhedra with four unique Ln atoms. (b, c) a view of a 3D structure
of Cs5Ln2Cl11(H2O)17 along the c and b axes, respectively. The cesium, Ln (Ln = Y, Lu, and
Yb), oxygen, chlorine, and hydrogen atoms are shown in pink, brown, red, dark green, and
off-white, respectively. The black box outlines the unit cell.
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Optical

Properties.

The

luminescence

spectrum

for

the

compound

Cs2EuCl5(H2O)10 is shown in Figure 6.8. Under 365 nm UV light excitation, the emission
spectrum consists of several intense and weak emission peaks that are typical for the
characteristic transitions of Eu3+ based compounds.45,46 The most intense emission peak is
centered at around 610 nm which arises due to the 5D0-7F2 transition. The emission
spectrum consists of two other relatively intense peaks and several weak peaks
corresponding to the 5D0-7F1 (~588 nm), 5D0-7F4 (~695 nm), 5D0-7F3 (~650 nm), 5D1-7F0
(524 nm), 5D1-7F1 (~536 nm), and 5D1-7F2 (555, 558 nm) transitions, respectively.
Generally, in a compounds containing Eu environments with inversion symmetry, the
intensity of magnetic dipole transition 5D0-7F1 dominates over the electric dipole transition
5

D0-7F2 which is a forbidden transition based on selection rules. However, when the Eu

sits on a site with no inversion center, these selection rules are overruled by a forced
electric-dipole emission and the 5D0-7F2 emission is dominant. 47 In Cs2EuCl5(H2O)10, the
Eu environment lacks centrosymmetry (Wyckoff site: 4c, site symmetry: 2..) explaining
the high intensity of the 5D0-7F2 transition.
Figure 6.9 shows the emission spectrum of Cs10Tb2Cl17(H2O)14(H3O) when excited
by 365 nm UV light. The emission spectrum is characterized by four major bands, a doublet
at 486 and 492 nm, an intense doublet at 541 and 548nm, and two relatively weak bands
centered at 585 nm and 620 nm, that are attributed to the 5D4-7F6, 5D4-7F5, 5D4-7F4, and 5D47

F3 transitions, respectively. The broadening of bands, as compared to Cs2EuCl5(H2O)10,

might be due to the higher multiplicity of the 5D4 excited state as well as the efficient
migration of self-trapped excitonic energy between the isolated metal centers.48
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Figure 6.8 Luminescence spectrum for Cs2EuCl5(H2O)10
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Figure 6.9 Luminescence spectrum for Cs10Tb2Cl17(H2O)14(H3O)
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Figure 6.10 Optical image of Cs10Tb2Cl17(H2O)14(H3O). (a) Optical image of powdered
sample of Cs10Tb2Cl17(H2O)14(H3O) in the absence of X-rays and (b) optical image of
scintillating powdered sample in presence of X-rays.
The scintillation response of Cs10Tb2Cl17(H2O)14(H3O) in powder form was
investigated under X-ray irradiation (RL measurements). Figure 6.10b illustrates the visual
aspect of the scintillation that is dominated by green emission from Tb3+ ions, while Figure
6.11a highlights the three main emission lines. RL measurements were executed at several
different times, revealing a monotonic decrease in intensity of the Tb3+ emission lines. This
behavior is highlighted in Figure 6.11b and related to the instability of this compound when
exposed to ambient conditions. Out of the very first RL measurement, the 300-750 nm
spectral integral yielded ~16% of that of BGO powder. It was estimated that about 4 min.
passed between removing the sample from dry ice storage to starting the RL measurement.
Since 6 min. exposure to ambient conditions led to a decay of ~4% of the peak intensity at
541 nm of the first measurement, the value of 16% is a reasonable estimate of the relative
luminosity of pristine Cs10Tb2Cl17(H2O)14(H3O) to BGO powder.
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Figure 6.11 RL data of Cs10Tb2Cl17(H2O)14(H3O). (a) RL spectra highlighting the main
luminescence lines of Tb3+ (5D4 ® 7FJ, with J = 4, 5 and 6 from higher to lower
wavelengths) obtained at different times. (b) Peak intensity of the main line at 541 nm (5D4
® 7F5) as a function of time.
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Figure 6.12 Asymmetric unit of Cs10Tb2Cl17(H2O)14(H3O). Displacement ellipsoids
drawn at the 50% probability level. O9 is a disordered hydronium ion. O8 and O9 are water
molecules located on mirror planes. Cs3-Cs8, Cl8-Cl10 and O7-O9 are located on or are
disordered across (O9) mirror planes. Tb1, Cs1-Cs2, Cl1-Cl7 and O1-O6 are located on
general positions.
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Figure 6.13 Asymmetric unit for Cs8Er3Cl17(H2O)25 with 50% probability displacement
ellipsoids.
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Figure 6.14 Asymmetric unit for Cs5Yb2Cl11(H2O)17 with displacement ellipsoids drawn
at the 50% probability level.
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Table 6.2 Elemental composition determined by EDS

Cs5Y2Cl11(H2O)17
Element
Atom %
Cs
17.50
Y
7.71
O
31.51
Cl
43.28
Cs10Tb2Cl17(H2O)14(H3O)
Element
Atom %
Cs
21.01
Tb
10.52
O
11.95
Cl
56.52

Cs5Lu2Cl11(H2O)17
Element
Atom %
Cs
17.75
Lu
8.01
O
28.64
Cl
45.6
Cs2DyCl5(H2O)6
Element
Atom %
Cs
19.87
Dy
11.04
O
18.25
Cl
50.84

Cs2EuCl5(H2O)10
Element
Atom %
Cs
21.83
Eu
4.57
O
32.72
Cl
40.87
Cs7HoCl10(H2O)8
Element
Atom %
Cs
17.84
Ho
8.82
O
21.14
Cl
52.19

Cs2YbCl5(H2O)6
Element
Cs
Yb
O
Cl

Atom %
18.85
9.08
24.76
47.31
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Cs7GdCl10(H2O)8
Element
Atom %
Cs
31.23
Gd
5.93
O
19.82
Cl
43.02
Cs8Er3Cl17(H2O)25
Element
Atom %
Cs
18.94
Er
10.99
O
21.93
Cl
48.14

Conclusions
A series of new ternary lanthanide-based chlorides, Cs2EuCl5(H2O)10,
Cs7LnCl10(H2O)8 (Ln = Gd and Ho), Cs10Tb2Cl17(H2O)14(H3O), Cs2DyCl5(H2O)6,
Cs8Er3Cl17(H2O)25, and Cs5Ln2Cl11(H2O)17 (Ln = Y, Lu, and Yb) were synthesized by a
facile solution route and structurally characterized. These compounds consist of isolated
lanthanide polyhedra that are linked together by Cs–Cl/Cs–O bonds as well as extensive
hydrogen

bonding

to

form

complex

structures.

The

Cs2EuCl5(H2O)10 and

Cs10Tb2Cl17(H2O)14(H3O) compounds luminesce and exhibit sharp emission peaks in the
UV region corresponding to the respective trivalent lanthanide cations. When exposed to
laboratory X-rays, crystals of Cs10Tb2Cl17(H2O)14(H3O) scintillate, emitting intense green
light and the integral RL emission was about 16% of BGO powder.
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